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SUMMARY
A catering microwave oven was used to investigate the microwave 
heating of foodstuffs. The oven used for the experimental work, 
a Philips 1.2 kW model, operated at a frequency of 2450 MHz and 
the energy applicator was in the form of a resonant cavity.
Heat generated in food in a microwave resonator is caused hy an 
interaction "between "lossy11 components of the food and the 
electrical field of the microwave radiation. The heating effect 
depends upon the characteristics of both the resonator and the 
food. The experimental work was designed to investigate factors 
affecting this heating effect.
The total power absorbed by food in a microwave oven is 
dependent upon its chemical composition and its geometry. It 
was found that power absorption increased with volume up to a 
maximum value, above which power absorption was independent of 
volume. .Power absorption was also affected by the geometry of 
the food but it was not a function of the food's dielectric 
properties.
Heat xfhich is dissipated in the food, as a result of power 
absorption, is not uniformly distributed throughout:the food.
The distribution of heat in solid foods was investigated by 
measuring temperature profiles in slabs of agar after microwave 
heating; simple foodstuffs were also incorporated in the agar.
In order to investigate factors which affect the temperature 
distribution in food, resulting from microwave heating, a 
computer simulation of microwave heating was developed. Good 
agreement was obtained between the measured and simulated 
profiles for agar slabs, although modifications to the simulation 
were required for actual foodstuffs.
SECTION 1 - INTRODUCTION
1. INTRODUCTION
The origins of this research project lie in a survey, by the 
Department of Hotel and Catering Management of the University 
of Surrey (Kirk, 1971)i which comprised of a number of inter­
views with caterers, food manufacturers supplying the catering 
industry and catering equipment manufacturers and was designed 
to highlight current and future problem areas connected with 
food preparation and service in the catering industry. A 
number of these areas were identified and from these possible 
research topics were suggested. These are summarised in 
Appendix I*
Of the problem areas identified in the survey, several arise 
from the use of microwave ovens in catering establishments.
The applications of these ovens, by caterers, can be divided 
into three main areas: the thawing of frozen foods; the
reheating of chilled pre-cooked foods; and the cooking of raw 
foods. The majority of practical catering applications are in 
the first two of these areas (see section 2.1*3)#
Most of the problem areas in the use of microwave ovens, as 
highlighted by the survey, involved either the thawing of frozen 
foods or the reheating of chilled foods. Microwave:ovens are 
often sold on the basis of their ability to rapidly thaw and 
reheat frozen foods. In practice this requires considerable 
skill, if cold spots in the food are to be avoided which, apart 
from any aesthetic considerations, could constitute a possible 
food poisoning risk. The ice spots are caused by the difference 
in dielectric properties between ice and water. Water heats up 
much more rapidly than ice, so that the liquid phase can reach 
boiling point before the ice has thawed. A solution to the . 
problem lies in two areas: the design of the microwave
applicator and microwave frequency can have a considerable 
effect on the suitability of an oven for thawing; also, the
6formulation, size, shape and packaging of the food influence 
the results. Caterers who frequently use microwave ovens for 
the thawing and reheating of frozen foods learn, by experience, 
the correct method of reheating a particular food*
The use of microwave ovens for reheating cooked chilled foods 
forms the largest single catering application* Microwave ovens 
are finding widespread application in pubs and snack bars, as 
part of a ’fast food1 servicej the National Catering Inquiry 
on ’Food in Pubs' (1970) indicated that about 6$ of pubs use a 
microwave oven. Microwave ovens are also proving of value as 
part of an integrated vending service for feeding night and 
shift workers in industrial catering* A report by the 
Industrial Society (1972) showed that there was an increase, 
from 23$ in 1970 to 27$ in 1972, in the number of industrial 
caterers who use a microwave/vending system to provide meals 
for their nightstaff*
With most conventional forms of heating, internal temperature 
rise is due to conductive heat transfer from the surface; 
microwaves are unique in that the heat is generated internally* 
It is often assumed that, because of this internal heat 
generation, the temperature throughout the food is evens this 
is often quoted in the oven manufacturers advertising and trade 
literatures-
"This heat is not just on the outside of the food 
but throughout the food* Cooking is talcing place on 
the sides, top and inside* It is cooking all at 
once, rather than taking time for the heat to pene­
trate as does the dry heat method*"
- Amana Radarange, Iowa, U.S.A.
"Heat is generated right inside the food and the 
whole portion is heated simultaneously."
- Husqvarna Ltd., Stansted, Essex.
7"This action rubs the food molecules together, 
causing heat which is evenly distributed through­
out the food."
- Teleton Electro (U.K.), Chelmsford*
"(microwave energy) - cooks inside and out 
simultaneously."
- Dysona, Wokingham, Berkshire#
Caterers using microwave ovens soon learn that careful control 
over food size, positioning on the plate and positioning in 
the oven is required, if uniform heating is to be achieved. 
Non-uniformity in the rate of heating can be caused by three 
different factors s
1. non-uniformity in the energy distribution in the 
cavity;
2. the effect of dielectric properties and geometry 
of the food on the total power absorption;
3. temperature variations in the food prior to 
heating.
These causes of non-uniformity of heating have been investigated 
and the results are shown in Section 3 of this thesis. Many 
methods have been described in the literature for assessing the 
unifomity of energy distribution in a microwave oven (section 
2.6). Several of these methods have been compared, as described 
in section 3*2. The following section reports on an investigation 
of the effect of the samples* volume, geometry and composition on 
its energy absorption.
The temperature distribution in a food, following a period of 
microwave heating, was investigated in two ways. Measurements
were made of the absorption co-efficient (which controls the 
rate of power absorption in the food) and of the temperature 
profile in a number of simple foodstuffs (sections 3*4.and 
respectively). A theoretically calculated temperature profib 
was also prepared, incorporating a temperature dependant 
absorption co-efficient and internal and surface heat transfer 
this is described in Section 4» which also contains a 
comparison of the experimental and simulated temperature 
profiles (section 4*?)#
A discussion of the results and their implications for the use 
of microwave ovens in a catering situation is given in section 
5; this section also includes a number of possible improve­
ments to the simulation together with a number of suggestions 
for further research, which could yield valuable information. 
Section 6 summarises the important findings of the research.
All tables and diagrams referred to in the text are located 
at the end of the relevant section.
SECTION 2 - LITERATURE SURVEY
2 . LITERATURE SURVEY
2.1. THE DEVELOPMENT OF MICROWAVE HEATING
2.1.1. Historical Introduction
Until the theoretical work of Maxwell (1865) there had been no 
understanding of the link between the various electromagnetic 
phenomina and light rays. Maxwell elucidated a set of 
equations connecting the known features of electrical and 
magnetic fields? one solution of these equations predicted 
the existance of an electromagnetic field in the form of a 
time periodic wave. This wave was found to have the same 
velocity of propagation as that of light* Thus Maxwell's' 
equations postulated .the possibility of having a continuum of 
electomagnetic waves, of varying frequency and wavelength, all 
having the same velocity as light*
Maxwell* s theories were not confirmed experimentally until 20 
years later; in 1888 Hertz was able, for the first time, to 
generate low frequency radio waves. These waves were found to 
have all the properties predicted by Maxwell.
The heating effect of these waves on certain substances, 
including biological tissues, was soon discovered. D'Arsonoval 
(1893) showed that 10 KHz. radiation could be used toheat body 
tissue; tissue heating by radio frequency waves has since 
become a routine technique in physiotherapy.. There was also 
experimental work on the use of these waves to destroy bacteria 
and insects.
As the sophistication of electronic equipment increased so did 
the availability of high frequency generators at high power 
levels. 0ontinuoua^ioiw^vo generators, operating at up to 
30 MHz., became commercially available during the 1930*s. The 
use of microwave frequencies for radar led to the rapid develop­
ment of equipment. The cavity magnetron, operating at 3000 MHz.,
became available during the late 1940's ? this meant that 
microwave energy could be used for medical and industrial 
applications (Roberts and Cooke, 1952).
2.1.2. Food •processing amxLicatioiia
Commercial application of microwave heating was hindered by the 
large size and poor reliability of the generators (Moore, 1968). 
During the years between 1940 and 1966 there was a great deal of 
experimental work on applications, but little in the way of full 
scale commercial application. The experimental work included 
many food processing applications: e.g. dehydration, blanching,
thawing, the^destruction of mould spores, pasteurisation' of 
bread (Tape, 1969), the destruction of weevils in flour, and the 
pasteurisation of milk and beer (Brown, et al 1947)#
During the period from 1965-1970 the cost of high power generating 
devices fell (Shelton, 1969), this was accompanied by increased 
reliability. Even allowing for these factors, the use of micro­
wave heating as part of the process involves high-oapital 
expenditure, compared with more conventional heat processing 
methods. Most feasible commercial applications are economic 
because of the unique characteristics of microwaves, leading to 
some advantage over conventional processing methods eg. increase 
in yield, reduction in processing time etc. (Jeppson, 1964)
In conventional heating processes, heat is applied to the surface 
of the food, either by^conveetion or radiation, and internal 
heating is due to conduction heat transfer from the surface to 
the inside of the food. Radio frequency heating is unique,
because of the way that the waves are converted into heat actually
inside the object which is being heated, (.i^ VerwAA. Vve,a/c¥vvcj c***,
0 A.S0  W  ^OVaAaOxVv WSIVVCJ & C -  O A rji
Pome examples of commercial applications of microwave heating are 
given below.
1. In package sterilisation of cakes: the shelf life of cakes can
be increased from 10 days to 20 days, by the use of a microwave
process after packaging. A 25 KM plant operating at 896 MHz, 
is used by Cadbury Bros. Ltd. (Evans and Taylor, 1967)*
2. Microwave proofing of doughnuts: by using microwave energy,
it is possible to reduce the proofing time of doughnuts, from 
30 to 2sjr mins. (Schiffman et.al.,197l) The equipment works on 
a frequency of 2450 MHz.
3. Pasta dehydration: a pilot scale plant has been developed
for the production of a fast rehydrating pasta (Maurer et.al., 
1972). The process uses two, 25 kW heaters, operating at 915 
MHz. The pasta can be dehydrated in about a twentieth of the 
time required for a conventional process and the pasta rehydrates 
in half the conventional time.
4# Finish drying of potato crisps : this represents the largest
single application of microwaves in food processing (0*Meara, 
1968). The process allows the use of potatoes with a higher 
sugar content than could normally be used for crisp manufacture. 
It also extends the life of the frying oil and increases the 
shelf life of the product. The microwave processor is used as a 
finish drier, reducing the moisture content of the crisp from 8 
to 2$. The process uses a frequency of 896-915 MHz.
5. Continuous poultry cooking: the combined use of steam and
microwave energy leads to a reduced cooking time and a 3$ yield 
improvement, compared with conventional processes, using steam 
alone or hot water (May, 1969)* Commercial applications of this 
process use a frequency of 2450 MHz.
The first commercial microwave oven was developed by Dr. R« 
Spencer, of the Raytheon Company (Decareau, 1968a). This oven 
was powered by a magnetron which had been initially developed 
for radar. Early ovens were large and cumbersome; they needed 
high current power supplies, because of the poor electrical 
efficiency; and they needed a supply of cooling water. Ovens 
are now available which run off 13 amp* electricity supplies 
and are cooled by air; for a given power output they are much 
smaller and lighter.
- i
For catering applications the most common type of oven is the 
box type resonant cavity (see section 2.4); continuous ovens 
are available where a larger throughput is required (Copson 
and Decareau, 1968). •
.•if -• . ■ . ■ ■ •
Microwave ovens are restricted to a limited number of catering - 
applications:- cooking a restricted range of foods, reheating 
pre-cooked chilled foods and thawing frozen foods (Napleton,1967). 
The use of microwave ovens to cook foods is limited to those 
foods which require a short moist cooking process; thus a 
microwave oven can be used to poach fish, to boil vegetables 
such as cabbage, cauliflower and peas and for the production of 
'steamed* sponges* Normal microwave ovens produce no surface 
browning and can not therefore be used to produce roast, baked, 
fried or grilled type foods. These must either be done using a 
two stage process (pre-searing followed by microwave heating), 
or using a combination oven such as the Micro-aire (Mealsteam 
U.K. Ltd.), which combines microwave heating with forced air 
convection. This oven combines rapid surface colouring with 
quick internal cooking.
Microwave ovens are ideal for heating most pre-cooked foods; 
these may either be items which have been pre-cooked and cooled 
on the catering premises, or bought in convenience foods.
2.1.5. Catering applications
Moisture control is often critioal with these products# Thus 
moist foods may require some form of covering to prevent 
dehydration#
Thawing, using a microwave oven, is normally done as a two stage 
process; if thawing is carried out too rapidly there is the 
danger of residual ice crystals in the otherwise thawed food*
This is a particular problem with foods which are "being heated 
straight from the frozen state. Heating in two stages allows 
equilibration of the temperature, which avoids run away heating 
and the danger of residual ice crystals.
Microwave ovens, although providing a very fast method of heating 
foods, cannot deal with large volumes of foods. Because of the 
high capital cost of an oven, it is not usually economic to have 
the large number of, ovens which would be needed to supply large 
numbers of meals over a short period of time. Napleton (1967) 
lists the most connon applications of microwave ovens in 
catering; these ares-
1* Central kitchen systems. Microwave ovens can be used to 
reheat meals which have been prepared in-a central kitchen at a 
number of diverse service points. An example of this is the 
system used in the Nacka hospital in Sweden; with this system, 
food, prepared in the normal manner is packed in air tight 
plastic bags, and reheated at the service:point, using microwave 
ovens* A trial in an American hospital showed that considerable 
savings in labour could be made by reheating food, prepared in 
advance, in a microwave oven prior to service (Decareau, 1969).
2. Standby in restaurant and canteen. Microwave ovens are very 
effective for reheating food quickly to order to compensate for 
unexpected orders or for floor service in hotels.
3. As shown by the National Catering Inquiry (1970), Microwave 
ovens are commonly used in pubs and snack bars for 'fast food* 
service; there is also a potential market for microwave ovens 
in 'take away* food service.
4. Many airlines use prepared foods, which are reheated to 
order; one way of carrying out this reheating is by the use of
microwave ovens.
r  .
Electromagnetic radiation is a form of energy which has a periodic 
wave motion; the periodic properties are associated with 
electric and magnetic fields. In its simplest form the electric 
and magnetic fields and the direction of radiation are all 
mutually perpendicular, as shown in fig.2.1. (Harvey, 1963)#
When propagating through free space, there is no loss of energy 
from an elecromagnetic wave and the instantaneous electric and 
magnetic waves are related by the expressions:
Eat = V  DKwt-Pz)] ..................  (2.1)
Hzt - Ho. [j(wt-pz)J .........   (2.2)
where E ^  is the instantaneous value of the electric field, at a
time t , and at a distance z from the reference point Eo.
E^ is the maximum value of the field,
o
P is known as the phase constant,
W is the angular frequency of the wave (=2iTf, where f is the 
frequency in Hertz).
(A full list of all symbols used in this text is given in 
Appendix II)
When an electromagnetic wave propagates through a physical medium, 
there is an attenuation of the wave; this can be accounted for 
in equations 2.1 and 2.2 by the addition of an attenuation co­
efficient, o/ which allows for this exponential attenuation of the 
wave, (see fig.2.2).
Ezt 53 Eo exp • [jUt-Bz)    (2*3)
and p can be combined in the form of a complex constant ^  , 
the propagation co-efficient.
2 .2 . THE NATURE OF ELECTROMAGNETIC RADIATION
s C < +  p a j W (£**yU*)^ • (2.4)
The attenuation co-efficient represents the exponential attention, 
with distance, of the fields
The energy which is lost from the wave as a result of this 
attenuation is dissipated in the propagating medium as heat.
2.2.2. The eleetromajgnetio spectrum
In any propagating media, the wavelength and frequency of an 
electromagnetic wave are inversely proportional and are related 
by the velocity of propagation. In free space the velocity of 
propagation is equal to the speed of lights
Waves of different frequencies have different properties and 
applications, as shown in Table 2.1. There is no precise division 
of these waves into different categories; the classification in 
the table is based on the different applications of the wave.
The I.S.M. frequencies are those frequencies which may be used 
for industrial, scientific and medical uses. They are based on 
international agreements (international Telecommunication and 
Radio Conference, Geneva, 1959)• If- any non-ISM frequencies are 
used for commercial applications, they must be enclosed in a 
radiation proof area, to prevent interference with telecommunica­
tion transmissions.
The heating of a material by electromagnetic radiation may 
utilise one of three possible techniquess induction heating 
utilises the magnetic component of a wave to heat ferromagnetic
Ez = Eo esp* (2.5)
c (2.6)
materials; dielectric heating is the heating of a 'lossy- 
dielectric* (see section 2.3*l) placed between two electrodes, 
which are connected to a source of high frequency electrical 
oscillation; microwave heating is the heating of a lossy . 
dielectric placed in an electromagnetic field.
Induction heating is only applicable to ferromagnetic materials 
or to materials which can be heated by contact with a ferromag­
netic material. The frequencies used are in the region of 1-10 
KHz (Nicholls 1971)
With dielectric heating, the material which is to be heated is 
placed between two electrodes between which the electromagnetic 
field is developed. The most commonly used frequency for 
dielectric heating is 21 MHz; this is because of the wide 
bandwidth which can be used at this frequency (Cox, 1971)*
Of the ISM frequencies in the miorowave region of the electro­
magnetic spectrum, those of 900 MHz and 2450 MHz are most 
commonly used. Of these two, the latter is the more common in 
terns of the number of commercial units in operation (Meredith 
197l). Microwave and dielectric heating both utilise the power 
loss from an electromagnetic wave when it is propagated through 
a polar material (see section 2.3); the difference between the 
two techniques is the method by which the field is generated at 
radio and microwave frequencies and in the different methods of 
application. The heating effect in a material is a function of 
its dielectric properties.
2.5.1. Theory ! 4
2 .3*1*1 Permittivity and permeability.
2 . 3 * THE DIELECTRIC PROPERTIES OP MATERIALS
As indicated in section 2.2 the generation of heat in a 
material placed in an electromagnetic field depends on the 
attenuation of energy by that: material. The attenuation 
co-efficient of a material is itself a/function of its 
electrical and magnetic properties (equation 2.4).
The permittivity (or dielectric constant) is usually measured 
relative to the permittivity of free space*
ic= -f  *....................................  (2.7)
£  is the absolute value of the permittivity,
£  is the absolute permittivity of free space,
and K is the relative permittivity.
The permittivity of a material is a measure of its ability to 
store charge, or its polarisability. In a perfect dielectric 
all of this polarisation charge is completely reversible. In 
a practical dielectric not all of this charge will be released 
from the material when the electrical field is removed. This 
loss can be represented, either as a conductivity (although it
is not solely made up of the motion of ionic particles), or as
the imaginary part of a complex permittivity:
• £ * ■ * ( £ '     ( 2 . 8 )
or in terms of the relative permittivity:
K *  =  ( I C  - J K " )    ( 2 . 9 )
where K* is the real part of the relative permittivity and 
K" is the imaginary part.
K1 is a measure of the reversible charge holding capacity of 
the material# The imaginary part K" is a measure of the losses 
in the dielectric; it is often expressed as a conductivity and 
is made up from a number of factors which are discussed in the 
next section.
o r -  = u r . K " . £ ,      ( 2 . 1 0 )
where 6^ is the conductivity in mhos/m. is the 
permittivity of free space and has a value of G.88 x 10 ; F/m. 
The ratio of K" to K* is often referred to as the "lossiness" 
or "loss tangent" of a material (Copson, 1962).
The magnetic properties, of a, material are, described in terms of 
its permeability; as with permittivity this is usually expressed 
relative to the free space value#
■ p = A r  *..............  (2*u)/ f r o
For all materials (including foodstuffs), other than ferromagnetics, 
the relative permeability is very close to unity and magnetic 
effects can be ignored#
2.3«1«2. Polarisation.
The polarisation of material, in the presence of an electric field, 
is due to the existence of charged dipoles. These dipoles can 
either be permanent, because of the presence of an asymetrically 
charged molecule, or they can be induced. There are four basic 
types of polarisation, as shown in fig. 2.3* (von Hippel,1954)« 
Bach of these types of polarisation is associated with a 
particular group of frequencies (Piishner, 1966),
9 14Orientational polarisation 10 - 10 H.F. and Microwaves,
Vibrational (atomic) lO^ t^, 10^'"^ Infra red
17 20Electronic 10 - 10 Visible and Ultra
......  .......... violet.
Because of these changes with frequency, it follows that the 
dielectric properties of a material will he frequency dependent; 
the change of relative permittivity with frequency is known as 
dispersion.
2 .3#1*3 Dispersion.
There are two types of dispersion, each associated with a 
different form of polarisation. Resonance dispersion is 
associated with changes in electronic and atomic polarisation 
(see Fig.2.4)J relaxation dispersion is caused by changes in 
the orientational polarisation of polar molecules (see Fig.2»5)»
Any atom, molecule or mixture will exhibit dispersion at 
characteristic frequencies (identified by the resonant frequency f^ ). 
Thus any atom or molecule will have a number of dispersion regions 
over the whole of the electromagnetic spectrum, as indicated in 
Fig.2.6 (Hartshorn, 1949)*
2*3*1*4 Relaxation time.
Each polarisation, and its resultant dispersion is characterised 
by a relaxation time Tr. This constant is related to the time 
taken for the build up and decay of the polarisation effect. The 
inverse of the relaxation time gives the angular frequency at 
the centre point of the dispersion region the resonant frequency
f .r
Tr = ..._ _1 sa 1 .....««••«»*«« (2.I2)
2 .  J T  . f r
At this frequency, the material will be at its most lossy, as 
indicated by the maximum value of K" (Copson, 1962).
The relationship between the complex relative permittivity and 
the relaxation time was originally developed by Debye (3.929).
The original relationship could be' used to satisfactorily predict 
The behaviour of polar substances in non-polar solvents, but
22.
it was necessary to modify these relationships to explain the 
behaviour of polar solvents. Using these modifications, the 
following relationships have been developed (Lane and Saxton, 
1952a):- .
, K*
IC"
Ks is the static (low frequency) value of the relative 
permittivity,
Ko is the high frequency value.
For a molecule or atom having a single relaxation time, the 
relationship between K* and K" is in the form of a semi-circle 
(Cole, 194l)# as shown in Fig* 2.7* For an atom or molecule 
having a spread of relaxation times the semi-circle will have 
skewed geometry*
.2*5.2.. The.-dielectrlc properties - of water.
The dielectric properties of water can be described in terms of 
its complex relative permittivity K* j this is both frequency 
and temperature dependant. The imaginary part of the 
permittivity K" is a measure of the loss component of the 
polarisation current of the material.The. magnitude of the 
ratio of Ku /k 1, is known as the loss tangent or 'lossiness*.
Lossiness depends on dispersion phenominaj therefore at any 
given frequency K" is made up from a number of different factors. 
At microwave frequencies, IC" for water is made up of two factors, 
ionic conductivity and dipole polarisation.
—2The ionic conductivity of water is of the order of 1.1 x 10 
/\mho/m. j in terms of its contribution to the relative imaginary
Ko + ( Ks — Ko ) ................ (2.13)
1  +  UT2. "Tr 2
1~JF ( Ks — Ko )i , ...... (2.I4)
1  +  u r 2 . T r  2
permittivity this is 0.08.
(using equation 2.10).
Equations 2*13 and 2J4 can he used to predict the dielectric 
properties of water, from a knowledge;of the relaxation time 
of the water molecule* Saxton (1952) showed that these 
equations were valid for water, over a temperature range of 
0 to 50 °C. A value of 4*9 was used for Ko, the high frequency 
value of the relative permittivity, arid/this was taken to be 
temperature independant, Ks and Tr are temperature dependant* 
Values for these two constants can be obtained from measure­
ments of the dielectric properties at various frequencies 
(l,ane and Saxton, 1952); tabulated values are given in Table 2*2, 
Hasted (l96l) showed that the static dielectric constant could 
be calculated from the expressions
Ks a (87*74) “ (0.4)t + (9.598*10~4)t2 + (l.41*10~6)t5
( 2 * 1 5 )
where t is the temperature in °C.
The relaxation time Tr is related to the viscous drag on a 
molecule; Debye (1929*) calculated the drag on a molecule 
caused by its rotation in a viscous fluid, using a relation­
ship of the forms
Tr » 4.TT .n. 8?     (2.16)
k . T “
where T is the absolute temperature, 
a is the molecular radius,
and Y\ is the macroscopic viscosity,
Saxton (1952) showed that the ratio- Tr/q is a constant over 
the temperature range 0 to 50 °G. The relationship bwtween 
temperature and viscosity is exponential; from this it follows 
that the relationship between temperature and Tr will also be 
exponential.
Von Hippel (1954) gives 'figures for water of K' and K,,/K*, 
over the range of temperatures 0 to 95 °C. The results for 
water are shown in figs* 2*8 and 2*9* These graphs show the 
dispersion region of water in relation to I*S*M. frequencies, 
Fig 2.8 shows the variation with frequency, at a temperature 
of 25 °0, while fig*2*9 shows the variation with temperature 
at a frequency of 3000 MHz*
Using the data given by von Hippel (l954) at various frequen­
cies and temperatures, it is possible to calculate values of 
Tr and Ks over the temperature range 0 to 95 °0, using equations 
2*13 and 2*14* These calculated values are shown in Table 2*3 
and are compared with the literature values of Lane and Saxton 
(l952a) in figs* 4*2 and 4*3 in  section 4*
2.5.3 Water / solid mixtures.
Van Seek (196?) gives formulae for calculating the dielectric 
properties of heterogeneous mixtures of two components* The 
static dielectric constant for a mixture of non-polar materials 
suspended in water is given by the relationship (Hasted, 196l)j
K . - K . . « V . (K . . - K_. ). G ..... (2.1?)cont muxt 7 "— —  ' mxxt disp ' 7
where K , is the static dielectric constant for cont
continuous phase,
K  ^is the static dielectric constant for mixture 
K disp -*-s static dielectric constant for dispersed
phase,
V is the volume concentration of non-polar solid,
G is a geometric factor (l*5 for spheres, 1*6 for needles)
The reduction in conductivity due to the presence of non-polar 
solids in a continuous water phase can also be calculated using 
a relationship similar to that given in equation 2*17*
2»3*4* Electrolyte solutions
The presence of electrolytes modifies the dielectric properties
of a polar solvent, such as water* Salts affect the dielectric
properties in three ways: , -
1* they increase.the ionic conductivity;
2* they cause a change in the value of Ks;
3* they affect the relaxation time of the water molecule*
2*3*4*1 Ionic conductivity*
For salt solutions, the ionio conductivity increases, until 
its contribution (K" ionic)to the imaginary relative permittivity 
is of the same order as that contributed by dipole relaxation 
(K» dipole).
Table 2*4 gives the value of the specifie conductance for 
solutions of sodium chloride solutions at 20 °C« These can be 
converted to relative permittivities, using the relationship:
K" ionic = 60.X. f ...................(2.18)
\  , the wavelength is in cm*,
or , the conductivity is in Mho/cm.
(This is derived from equation 2*10)
Ionic conductivity is also temperature dependant* Schwan and Li 
(1953) measured the ionic conductivity of salt solutions and 
body tissues; the change in resistance with temperature can be 
expressed as:-
~
The temperature co-efficient C is given by Schwan and Li as 
1*3*
(2.19)
2.3*4*2 Static relative permittivity*
Lane and Saxton (1952b) give values for the static relative 
permittivity of aqueous salt solutions; these figures are 
shown graphically in Sig.2*10* Work don© by Hasted et* al 
(1948) indicates that it can be calculated, for any 
electrolyte solution, from eqiiation 2*20*
Ka3ol “ ^ w ater ~ 2*  ^ * m *........... .(2*20)
where m is the concentration of the electrolyte in moles/litre 
and 6 is a constant which depends on the nature of electrolyte* 
Values of & for several electrolytes are given in Table 2*5* 
Lane and Saxton demonstrated that equation 2*20 holds for 
solutions of sodium chloride in water, over the temperature 
range 0 to 40 °C*
2*3*4*5 Relaxation time.
The relation between relaxation time and salt concentration is 
shown in Fig*2*11 (lane and Saxton 1952 b), • This graph shows 
that the change in relaxation time with salt concentration is 
most pronounced at low temperatures* At 10 °0 the decrease in 
relaxation time between water and a 3N salt solution is 24$; 
at 20 °G it is 23$ and at 40 °C , 12$.
2.3*4*4 Calculation of the overall effect on K* and Kn*
The effect of salt content on Ks can be calculated using 
equation 2*20. Knowing this K* and K"aip0ie can 2)6 calculated,
using equations 2*13 a^d 2.14* The value of ^M^ onjLC can
obtained from Table 2*4* Thus it should be possible to calculate 
K* and K° (where K" = IC". . + K" Cook 1951b) for any salt
XQ23.XQ C lip #
solution, up to a strength of 3 N.Von Hippel (1954) gives values
of IC* and the loss tangent for salt solutions of various 
strengths; these are compared with calculated values at the 
same strength in Table 2*6.
The calculated values of K* and K" compare well with the experi­
mental values of von Hippel. It can be seen that for salt 
solutions over 0.3 the contribution to K" by  ^ is very
significant* The change in the value of Tr has very little 
effect on the value of K*> becausefoiTr)is very much less than
one for water, and its solutions at microwave frequencies. This
2 2 ' r ' ’ • means that 1 + w .Tr —  1.
2*5.5 The dielectric -properties .'of foods
The relaxation frequency of most food components, other than 
water, occurs below those frequencies used for microwave heating. 
For example the relaxation time of proteins is in the region of 
10 seconds, equivalent to a frequency of 1 MHz (Roberts and 
Cook, 1952) and starch has a similar relaxation frequency 
(Abadie et al, 1953)* There is some evidence that water bound 
to hydrophillic materials produces a separate dispersion region 
at a frequency of 300 MHz, intermediate between values for ice 
(5 KHz) and free water (19 GHz) (Schwan, 1965)* This means 
that a food with a large bound water component will behave 
differently from the predicted behaviour for a mixture of a non­
polar solid and water (equation 2.17). Table 2.7 gives the 
amount of bound water associated with some food components.
There is a discrepancy in some of these results particularly in 
those giving the amount of bound water associated with proteins* 
Thus the figure for horse methaemyoglobin quoted by Buchanan et.al 
(1952) is outside the range of bound water figures for protein 
of Schwan (1965)* These differences probably occur because of 
different techniques used to measure this bound water*
As discussed above, the bound water can cause a shift in the
relaxation time of water* Also this wateris incapable of
rotation and thus causes a reduction in the static relative
permittivity* The value of Ks for systems containing bound
water can still be calculated from equation 2*17# but in this
case the bound water is included in V, the volume concentration
of the con-polar dispersed phase* De Door and Mejiboom (1966)
used this relationship to calculate the bound water associated
with agar and milk protein* These workers found that there was
very little shift in the value of Tr for these materials,
indicating that the bound water did not have its own relaxation
time* Their values for Tr, Ks and ionic conductivity are shown
in Table 2*8 and these figures have been used to calculate K".
°  x o m
K»dip and K1 for water, 4$  agar, 8°/° agar, potato, 25f° starch and
milk* - - *
There are many references to the dielectric properties of food 
materials; it is often difficult to utilise this information 
because of the many different frequencies and temperatures "used 
for these measurements* Much of the data was obtained with a 
particular application in view; thus there is quite a lot known 
about changes in dielectric properties from the froaen to the 
thawed state because of the interest in microwave and dielectric 
thawing. Similarly many measurements have been made on the 
effect of changes in moisture content on the dielectric 
properties because of the potential application of microwaves 
for dehydration.
One difficulty in utilising the literature date arises from the 
many different ways of measuring and presenting the data* Thus 
the lossiness may be presented as conductivity, resistivity# 
imaginary relative permittivity or loss tangent* In some 
literature sources K'J. contains both the ionic and dipole losses 
(von Hippel, 1952), whereas in others the ionic component is 
excluded (Hasted et al, 1948)
Dunlap and Makow.er (1945) measured the dielectric properties
of dehydrated carrots over a frequency range of 18kHz. to
5MHz. Morse and Revercomb (1947) studied the changes in
dielectric properties (K*#tan^and D^ ) between - 15 and+23 °C.
These measurements were made at a frequency of 1000 MHz. As
part of a study of microwave diathermy, Schwan and Li (l953)
obtained values of K* and resistivity for human body tissues
and obtained relationships to express the effect of changes in
frequency and temperature on these properties. Using
frequencies of 200 kHz, 2 MHz and 20MHz, Ede and Haddow (l95l)
obtained measurements of conductivity, dielectric constant and
loss tangent on a wide range of food materials, over a
temperature range of -3 to 100 °C. Buchanan (1954) studied
the effect of frequency on the dielectric properties of fatty
acids and their esters; he showed that these compounds showed
no dispersion over a range of 1 to 40 GHz. Bengtsson et al
(1963) obtained measurements on the dielectric properties of
bolean beef and cod at -25 aad + 10 deg.C, over a frequency 
range of 10 to 200 MHz.
The oven used for the experimental work, described in Section 3# 
operated at a frequency of 2450 MHz; therefore any measurements 
made close to this frequency are of particular relevance. 
Information available at this frequency ass; summarised by 
Bengtsson and Risman (l970)s these workers also obtained 
measurements of K* and K", for a wide range of foods, over a 
temperature range of -20 to + 60 deg.C. and at a frequency of 
3 GHz. Some of the data available at this frequency is 
summarised in Table 2.9# Bengtsson and Risman also made 
measurements on ham, pork, liver, cod, carrots, gravy, 
vegetable soup and broth; All of these measurements were made 
over a temperature range of -20 to + 60 °C.
Equation 2.17 can be used to predict the effect of non-polar 
solids dispersed in a polar liquid. DeLoor (1966) showed that
this equation could he extended to allow for any water which is 
irrotationally hound to the non-polar solid* It is interesting 
to compare these theoretical equations with values of K* and it" 
obtained experimentally for mixtures of water and carbohydrates 
over a wide range of moisture contents (Roebuck et al, 1972)*
The carbohydrates investigated include starch (potato), glucose
and sucrose*
♦
For the work on starch, these workers used both granular and 
gelatinised forms? the form of the results they obtained is 
shown in Fig.2*12* With both granular and gelatinised starch, 
there was a discontinuity in the results between 20 and 40/ 
moisture. This was partly due to the fact that two methods of 
measurement were used, one for low solids content liquids and 
the other for solid samples. The/discontinuity occurs for 
samples which oannot be satisfactorily handled by either 
technique* Also in this region very small changes in the 
moisture content caused large changes in the value of K* and 
IC". Samples with less than yjfo moisture had a value of K* of 6 
and K1 of 0*6. Granulated starch had lower values of both K* 
and Kn than gelatinised staroh at the same moisture content*
These results were for the total Kn and these values were not 
split up into individual contributions of KM ^ p 0^e an& ^'ionic*
Because of this it is impossible to ascertain whether this 
deviation from the continuous one predicted from theory is 
caused by changes in ionic conductivity, changes in the amount 
of irrotationally bound water, or dielectric relaxation occurring 
at microwave frequencies in the bound water (Abadie et al, 19535 
Ono et al* 1958)
Values obtained for water/sucrose mixtures are also shown in 
Fig 2*12* Here tbe&e is no discontinuity in dielectric properties, 
although values of KM do not follow the gradual decline with 
moisture content, as indicated by equation 2*17* Here again the
value of Kn refers to the sum of both ionic and dipole losses 
so that the cause of this discrepancy cannot be ascertained*
From equations given in Section 2*3 it is possible to calculate 
the theoretical dielectric properties of a foodstuff from a 
knowledge of the dielectric properties of its components* Work 
done by Mudgett et al (l97l) highlights the inherent dangers in 
this approach* These workers compared the values of K11 for a 
skim milk powder* with a simple synthetic milk powder (of similar 
composition to the natural milk) and with the individual 
components of the synthetic milk* From the values of K" for the 
components they calculated the contribution of each to the 
synthetic milk. They then compared this value with the measured 
values of I" for both the synthetic and skim milk. At a 
concentration of 8g/l00ml. they obtained the following results/
Predicted value for synthetic milk .*•••••••• 24
Measured value for synthetic milk ••••••••«• 18*
Measured value for skim milk •«••***•.* 14
Upon further investigation it was found that the discrepancies 
were due to two main causes: one effect which caused a
reduction in the value of Ku in the mixture was the effect of 
ion binding by the milk protein, causing a reduction in the
value of Kn ionic; the other factor was a reduction in the
amount of dissociation of salts in the mixture, compared with 
the dissociation in aqueous solution.
This work indicates that with a complex food material, a 
knowledge of the dielectric properties of its components is 
only of limited value in predicting the dielectric properties 
of the food.
2.4 POWER ABSORPTION AND TEMPERATURE RISE
2.4.1# Total Power Absorption
The power absorption, from an electromagnetic field, for unit 
volume of a material is a function of frequency, electric 
field strength and the dielectric properties of the material 
(Pushner, 1966).
P (loss) = ur J .  K" . E2 ................  (2.21)
0
2where E is mean square electric field strength (volts / cm)
P (loss) is the power absorbed by the material (watts/cm^)
This energy, which is absorbed from the field, is converted into 
heat in the material, where it may result in a rise in temperature 
of the material, evaporation of a volatile component of the 
material and a rise in temperature of the surroundings, caused by 
loss of heat from the body. 4
The energy loss can be calculated from a knowledge of the 
temperature rise in the material and the amount of evaporation 
(for accurate results the temperature rise must be corrected for 
loss of heat to the surroundings).
Energy loss « J.(M.S.At + m.L.) •••••••••••• (2.22)
where M is the mass of material, m is the weight loss due 
to evaporation, S is the specific heat and 1 is the Latent 
heat of evaporation and J is the mechanical equivalent of 
heat in joules/calorie.
The energy loss will be in Joules.
If the heating time is *“f~ sees, the power absorption will be:
P(loss) a (M.S.At + rn.L) (watts) .«•••«. (2.23)
T
’ M  - 1 (ur./0> IC».E2vf- m.L>  ........ (2.24)
n.s J
Thus equation 2.24 shows that the temperature rise in a material 
is a function of the imaginary relative*permittivity, and that if 
all other factors are constant that there will be a linear 
relationship between rate of temperature rise and K".
In practice, this relationship is difficult to apply, because 
of variations in the value of the electric field (time periodic 
variations are not important, because equation 2.24 uses the 
mean square voltage). In the case of dielectric heating, where 
the material is placed between the plates of a capacitor, it is 
possible to measure the field strength. In the case of a 
propagating electromagnetic wave in a waveguide, the field 
strength at any point depends upon the mode of propagation.
Thus to determine the heating effect in a unit volume of the 
material, it would be necessary to integrate the field within 
this volume# With materials of high loss factor, the field 
will be distorted by the material in the waveguide. With a 
resonant cavity, the material in the cavity forms a part of 
the resonating system and the nature of the material will there­
fore affect the amount of energy in the cavity (see Section 2*5.3).
Experiments of Van Zante (1968) highlight the difficulty of using 
equations of the same type as 2.24, to study the heating effect 
of foods in a resonant cavity. The increase in enthalpy in 
constant volumes of various high water content solutions, was 
converted to power absorption (after allowing for evaporation and 
heat loss to the surroundings). If equation 2.21 holds in this 
situation, it would be expected that the power loss would be 
directly proportional to the imaginary dielectric constant.
Van Zante found that for 1000 ml. of solution, the greatest power
Equations 2.21 and 2.23 can be equated:
loss was in .water* Other solutions (salt and simple sugars) 
absorbed less energy, with the salt solution ( 15$ ) absorbing 
least of all* Values of K" for water and salt solutions, 
calculated from dielectric data of von Hippel (1954), are 
contrary to the findings of van Zante, salt solutions having 
higher values of IC" than water, at the same temperature,
2.5.2. Temperature distribution
As an electromagnetic wave penetrates through a material, the 
r.m.s* field strength will decrease exponentially, according 
to the relationship given in equation 2*5*
E ra E . exp ( -c*r. z )z o
The power associated with an electrical field is proportional 
to the square of the field strength, so that power will vary 
with distance of penetration, decaying exponentially*
r = P . exp ( -2SX.Z )   . (2.25)
55 w
The equation may also be written using an absorption co­
efficient (k), where:
k = 2*-c
Equation 2*25 then becomes:
P s P exp ( - k. z ) ••••••••••••••••• (2*26)
O
The attenuation co-efficient and the absorption co-efficient 
are related to the dielectric properties of the propagating 
medium. Solution of equation 2*4. (Section 2*2) in terms of the 
real and imaginary relative permittivities, gives an equation 
of the form (von Hippel, 1954)*
35.
n 2.
(2.27 )
For materials with a low loss factor, ( tan £  less than l), 
Pushner (1966) gives a simplified form of this equations
Experimental measurements have been made of the temperature 
distribution in a foodstuff after a microwave heating process. 
Fan Zante (1968) demonstrated the temperature distribution in 
a simulated foods for this she used large agar cylinders.
She also investigated the effect of bone in a joint of meat, 
using a core of bone meal in the agar cylinder; it was found 
that the heating effect was enhanced in the proximity of the 
bone* Decareau (1965) investigated the different temperature 
distribution Resulting from microwave heating at 915 and 2450 
MHz, and found little difference in temperature distribution 
at the two frequencies was obtained. In contrast, Copson. 
(l962) states that at 915 MHz core heating results, whereas at 
2450 MHz the hottest point is about one inch in from the 
surface. Copson's results were obtained by heating cylinders 
of bacteriological agar ( 9" high by 10" in diameter.)
Several workers have calculated the temperature distribution 
in material heated by microwave energy. Because of the 
interest in the use of microwave energy for diathermy, many of 
these investigations have been on human body tissue. Cook 
(1952) used an equation, of the same type as 2.25# to calculate 
the temperature rise in human tissue. For this calculation a 
constant value of attenuation co-efficient was used and no 
correction was made for other modes of heat transfer; since the 
tissue temperature rise was of the order of 10 °G, it was 
considered that these changes would be insignificant*
X o / K '
(2*28)
\
Schwann and Li (1956) relate the dielectric properties of skin, 
subcutaneous fat and muscle tissue, to the percentage of air 
borne radiation absorbed by a flat body surface, normal to the 
incident radiation. At 3000 MHz there was found to be a 
complex relationship between skin thickness, fat thickness and 
the absorption of radiation. With zero skin thickness, there 
was found to be 100$ absorption with a fat thickness of 
approximately 1 cm. Absorption was less than this for both 
greater and lesser fat thicknesses. With a 0.2 cm layer of 
skin, the maximum absorption was for 0*2 cm of fat (60$), 
with a second maximum of 40$ for a fat thickness of 2*5 cm.
The complexity in the absorption of energy was explained in 
terms of impedance matching between source and the tissue* 
Certain thicknesses of skin and fat caused good matching 
between the source and the load, whereas with other thicknesses 
almost complete mis-matehing occurred. These workers also 
investigated the distribution of this absorbed energy, between 
the three types of tissue, again relating it to thickness of 
skin and fat layer.
Guy (1971a) measured the temperature distribution in 'phantom* 
tissue models. These models, made to the dimensions of parts 
of the human body, were constructed out of non-biological 
materials but with the same dielectric properties as the tissue 
being modelled. The models were made in sections so that, 
immediately following the heating process, the internal 
temperature could be measured, using a scanning infra-red 
sensitive camera. These temperatures were then compared with 
theoretically derived temperature distributions (Guy, 1971b).
By calculating the field radiating from a microwave applicator, 
the absorption of energy by the tissue was calculated, using 
the dielectric properties of human tissue. Good agreement was 
fould between theoretical and experimentally determined 
temperature distributions for a wide range of applicators and 
model dimensions.
57.
Ohlsson and Bengtsson (l97l) simulated the temperature distribution 
in slabs of food material. They also illustrated the important 
part played by internal conduction in the heating of large volumes 
of food material* Internal heat generation in the food was 
calculated using a relationship of the type given inequation 2*26* 
The attenuation co-efficient was calculated from the dielectric 
properties of the food material measured at different temperatures 
(Risman and Bengtsson, 197l); a linear relationship between 
temperature and k was assumed (Bengtsson, 1972)* From this 
theoretical temperature distributions for beef, salted ham and 
simulated meat were calculated. Convection and conduction heat 
transfer was calculated, using a finite difference method 
Uif’ng r Hanson et al for measuring the
lethality of a heat process on rectangular blocks of food 
material (Manson et al, 1970)* The calculated temperature 
distributions were compared with experimentally measured values, 
using the same food materials* After the heating oycle had been 
completed, the temperature at different depths in the material 
was measured, using thermocouples; these temperatures were then 
corrected to give an estimate of the value at the end of the 
heating cycle. Despite limitations of both the model and the 
experimental results, good agreement was found*
2.5 MICROWAVE EQUIPMENT
2.5.1. Introduction
Although there are many ways of applying microwave energy to 
foods, all techniques use the same basic components (Copson 
and Decareau, 1968) These are:
1. Generation system
1.1. Power supply
1.2. Microwave generator
2* Applicator
2.1# Transmission line 
2.2* Coupling devices 
2.3* Oven cavity
2.4* Energy distribution devices
3. Operating controls 
4* Energy sealing and trapping devices#
2.5.2. Generation system
The range of electronic devices available for the generation 
of electromagnetic radiation at microwave frequencies is 
reviewed by Hall (1968) and Shelton (1969). At the 
frequencies and power levels required for microwave heating the 
magnetron is the most common oscillator. The construction and 
operating characteristics of a magnetron are described by 
Pus.chner (1966). Although magnetrons were initially developed 
for use in radar applications, those used for heating applica­
tions operate under different conditions and with different 
constraints; for heating applications the magnetron has to be 
able to withstand large fluctuations in load; and hence large 
values of reflected waves* The tolerance to varying load 
conditions is provided at the expense of frequency stability: 
this may vary by -8MHz, but since the permitted band width at
2450 MHz is - 50 MHz this is not important. The life of a 
magnetron is shortened by operation under low load conditions, 
as in the case of the oven being operated with an empty cavity. 
To minimise this damage the cavity, and its fittings (trays, 
mode stirrer etc.) are designed to absorb a small proportion 
of the energy, thus reducing the reflected wave to an acceptable 
level. (Schmidt, I960)
For microwave heating, magnetrons are available with operating 
frequencies of 900 and 2450 MHz. The choice of frequency 
depends upon the dimensions of the material to be heated. At 
2450 MHz the energy is quickly attenuated by a lossy material, 
such as a high water content food, so that with large objects 
(greater than 3 inches diameter) the heating effect is very 
uneven. At 900 MHz attenuation is less so that a greater 
penetration is achieved (Deeareau, 1965).
2.5.3* Applicators
The generated electromagnet wave is transmitted to the site of 
application using a transmission line? this may either be a 
waveguide or a coaxial cable. Waveguides are metal tubes of 
either circular or rectangular cross-section, the size of the 
tube being governed by the frequency in use and the mode of 
propagation (Dunn, 196J? Harvey, .1963)* Two techniques are 
used for applying the energy to the material being heated: in
one method the material to be heated is placed inside the 
waveguide (travelling wave applicator) and the energy is 
attenuated by the material as the energy passes down the 
waveguide? in the second technique the transmission line is 
terminated by a resonant cavity, in which the material is 
placed (standing wave applicator).
2.5.3*1 Travelling wave applicators.
As electromagnetic radiation passes down a waveguide, it is 
attenuated? the rate of attenuation depending on the
dielectric properties of the material in the waveguide* This • 
attenuated energy will cause a rise in temperature of the 
material. Therefore, provided the foodstuff will fit inside 
the waveguide, it can be heated by passing it through the . 
waveguide, as shown in Fig. 2.15* The water load is necessary 
to absorb any residual energy at the end of the waveguide; the 
length of the conveyor belt will be sufficient to ensure that 
the maximum utilisation of energy is achieved, so that little 
energy will reach the end of the waveguide except when the belt 
is not completely filled with product* Since the heating varies 
down the length of the waveguide, this system is only used for 
continuous applications. The speed of the conveyor belt can be 
used to control the temperature rise in the food.
Experimental methods of processing liquids have been developed; 
the liquid is passed down a tube (made of microwave transparent 
material eg* glass Teflon.) whioh is itself built into a wave­
guide (Hamid et al, 1969), as indicated in Fig,2*14.
At 915 MHz a standard waveguide will have dimensions 9*3" by 
4*9% and at 2450 MHz, 3.4" by 1.7"* Because of this 
applications of the type shown in Fig,2.15 are limited to the 
processing of small packages of food material. For use with 
wide conveyor belts, material is passed transversely through 
the waveguide. Commercial applications are in operation using 
double (Heenan, 1968) and multiple passes; these may either be 
of the meander (fig.2.15) or the folded waveguide type (fig.2.16) 
The number of passes required depends upon the degree of heat 
process, the speed of the conveyor belt and the lossiness of 
the material being processed. The height of the material on 
the conveyor belt depends upon the frequency of radiation being 
used (Meridith, 1971) • the conveyor belt enters through a 
slot in the waveguide, and this must be restricted to prevent 
leakage o.f energy from the processor. At 915 MHz, a slot of 
6” can be used without any radiation hazards, whereas at 2450 
MHz, the maximum slot height is 4U*
2.5*3*2 Standing wave applicator.
The dimensions of a^ j&etal walled cavity can he used to determine 
the resonant frequency of the cavity; at resonance the wave 
will he in the form of a standing wave. The presence of a 
standing wave in the cavity will lead to very uneven energy 
distribution through out the volume of the cavity* To overcome 
this unevenness a cavity resonator is designed to have a large 
number of modes of resonance - the multimode cavity principle 
(James et al, 1968). Resonant cavities are used for both batch 
and continuous heating systems.
The domestic and c atering microwave ovens use a resonant cavity 
as the applicator, the door of the oven forming one wall of the 
cavity. The number and types of resonant modes in an oven cavity 
will depend on the operating frequency of the generator, the 
dimensions of the cavity, the nature of the material in the 
cavity, together with any specifically designed mode changing 
devices (Crapuchettes, 1966). Copson (1962) describes a numberi
of these mode changing devices, designed to increase the 
uniformity of energy distribution in the cavity. These include 
mode stirrers, rotating coupling devices, paddle wheels and 
oscillating cavity walls. An alternative approach is to use 
rotating turntables to support the material being heated, thus 
ensuring that the material does not reside in a region of high 
or low energy density*
As well as affecting the distribution of energy, the material in 
the cavity also forms a part of the resonating system. Thus 
the material in the cavity will affect the impedance of the 
cavity and, because of this, the coupling of energy into the 
cavity. A microwave oven is designed to tolerate variations in 
load and it is tuned to give optimum coupling into a typical 
oven load (Crapuchettes, 1966). The effect of volume of 
material in the cavity on efficiency of energy absorption can
be seen in fig,2.17# (taken from work done by James et al# 
1968). They showed that conversion efficiencies varied from 
53$ to 98$ as the filling factor varied from 0.13 to 3$»
(The volume of the cavity was 78 litres# so that 0,13$ 
corresponded to a load of 100 ml and 3$ to approximately 2,4 
litres*)
Two systems are available for the utilisation of resonant 
cavities for continuous applications* The cavity may be 
supplied with energy from a single large generator 
(Goldblith, 1966)# or the system can be made up from a number 
of 2,5 kW modules (Copson and Deeareau, 1968). As well as the 
rectangular resonant cavity, parabolic radiators (Puschner, 
1966) and resonant fields concentrated over a very small 
volume have been used. The latter method can be used to heat 
process free falling viscous liquids (Meredith, 1971) and in 
this way overcome the problem of scaling.
2.5.4. The safety of microwave ovens
The fail safe operation*-^ a microwave heating device is of 
great importance, particularly in the case of domestic and 
catering ovens which are to be used by unskilled and un­
supervised operators.
The thermal effects of electromagnetic radiation are well 
understood (Schwan, 197l); the threshold level, at which 
thermal effects become deleterious, occurs with radiation in 
excess of 100 mW / cm2. At lower power levels conflicting 
evidence has been found, some workers saying that there are 
physiological and neurological changes, after exposure to 
radiation levels below those at which thermal effects are 
observed, other workers finding no evidence of these changes 
(Schwan, 1969).
Leakage of radiation from a microwave oven can be readily 
detected, with one of a wide range of power density meters 
(Moore et al, 197l). The Medical Research Council have 
issued recommended maximum levels for exposure to microwaves; 
for continuous exposure this level is 10 mW/cm2. Surveys of 
microwave ovens actually in use in America have shown that a 
high percentage of ovens exceed these levels. Surveys by 
Mafrici (1970) and Elder et al (l97l) found that between 10 
and 30$ of ovens, during normal operation, exceed the level
of 10 mW/cm2, and that this increased to over 40$ at the time
when the oven door was being opened.
The main cause of leakage arises from wear of the hinges and
sealing surfaces, and the build up of food particles and dirt
between the sealing surfaces. These dangers can be overcome 
by efficient design of door seals (McConnell, 1972) and by 
regular maintenance and cleaning (Elder et al, 1971).
2.6. METHODS OF MEASURING THE ENERGY DISTRIBUTION IN A RESONANT 
CAVITY
All practical methods for assessing the distribution of energy 
in a microwave oven cavity use the heating effect of the 
electrical field at a point in the cavity . The temperature 
rise at a point in a material placed in an electrical field is 
a function of the electrical field at that point, the lossiness 
of the material and the physical and thermal properties of the 
material. The field itself is dependant upon the nature and 
quantity of material in the cavity, and upon attenuation of 
the energy. Thus it is often difficult to compare the results 
of tests 011 the distribution of energy in a microwave oven, 
because of the effect of the method of testing upon the thing 
being measured.
Many methods have been described for assessing the distribution 
of energy in a microwave oven cavity. Most tests can be 
classified into one of three categories:
1. measurement of the temperature at one, or a number, 
of points in the cavity;
2. the production of a two dimensional heating pattern, 
using a media which undergoes a chemical or physical 
change upon heating:
3* measurement of the temperature at all points on the 
surface of a solid material which has been heated 
in the oven*
2.6.1. Temperature measurements at fixed points in the oven 
cavity
For this method a lossy material is distributed throughout the 
oven cavity, either in a regular pattern of small quantities 
or else as a continuous layer. Methods are available for 
measuring the temperature during the heating process, or for 
measurement after the heating cycle has finished.
Because metals disturb the heating pattern (and may also cause 
damage to the magnetron) thermocouples and meoury in glass 
thermometers cannot be used in the oven whilst it is switched on. 
For this reason there are only a limited number of methods 
available for monitoring the temperature during the actual 
heating process. Liquid expansion thermometers have been 
developed for use in microwave ovens (Copson, 1962)5 these 
use a low loss liquid, such as toluene, connected by a thin 
flexible tube to a manometer which is situated outside the 
cavity. It is difficult to produce an accurate and reliable 
thermometer of this type and they also have the disadvantage 
of a large time lag (of the order of 15 seconds)* Many 
microwave ovens have small holes in the door which make it 
possible to monitor the Infra-red radiation emitting from a 
hot surface inside the cavity (see Section 2.6*3*)*
Thermocouples can be fastened inside a large volume of 
material in the cavity, so that the temperature can be 
quickly measured, immediately the heating has finished* There 
is still the danger that the temperature will not be a true 
measurement of the energy at that point, because of distortions 
in the field due to a metallic object*
Any method of temperature measurement can be used once the 
sample has been removed from the oven, or once the oven door 
has been opened. The time lag between the termination of the 
heating cycle and the measurement of temperature is critical 
and correction is required to allow for the fall in temperature 
during this period (Sluce, 1969). #
Two ways are commonly used for arranging the samplers) in the 
oven. Equal volumes of a lossy material (usually water) can 
be arranged in a regular array in the oven, or a thin layer of 
a solid lossy material can be placed at a specified level in 
the cavity.
Of these two methods, that using an array of samples is the 
most common. The results may either he presented as a single 
dimensional graph of the distribution across a line in the 
oven (James et al, 1968)^ as a two dimensional graph of the 
distribution across a particular plane in the oven* Puschner 
(1966) Schmidt (i960) and Copson (1 9 6 2) use a 5 by 5 array of 
beakers. Goodail (1970 uses 16 beakers, arranged in the form 
of a circle.- Kenyone1*al. (1 9 6 9) use. a 4 x 4 array of beakers. 
All of the above methods use water as the lossy material. 
Several workers use foodstuffs: Van Zante (1968) uses a 3 hy
3 array of beakers containing egg white; Peterson (l97l) uses 
a 3 by 4 array of cup calces.
When measuring the temperature distribution in a thin layer of 
material it is important that the material is solid, to 
prevent mixing by convection currents and by physical 
disturbances. Sluce (1 9 6 9) used a 2*7$ agar solution and 
measured the temperature at 40 positions in the oven, using 
thermocouples mounted in a fixed array.
2.6.2. Two-dimensional heating -pattern
Any material which undergoes a physical or chemical change 
with temperature can be used to produce a pattern of the 
distribution of energy in the oven cavity; if the material 
has a low loss factor it must be combined with some other 
material with a high loss factor. The results can be used 
to demonstrate the location of high and low energy density 
areas; a number of these patterns, obtained for different 
heating times can be combined to give an isotherm diagram.
Schmidt (i960) described a method which uses a change of 
state from solid to liquid to assess the evenness of energy 
distribution. Tape (1 9 6 9) made use of the colour change of . 
cobalt chloride when it changes from the hydrated to the 
dehydrated form. Anhydrous cobalt chloride was hydrated with
water until all the crystals changed from blue to pink; 
these were then spread in a uniform layer on a  tray. On 
heating this material in an experimental microwave oven, high 
energy density areas were'Indicated because of the reversal to 
the blue colour on dehydration. Chemical changes associated 
with a rise in temperature can also be used in the same manner. 
Wilhelm et al (l97l) used the coagulation of egg-white, spread 
in a uniform layer on a tray of the same size as the oven 
cavity. Using this technique, the effect of tray position in 
the cavity was investigated and a comparison made of several 
commercial microwave ovens. Peterson (1971) used the colour 
changes in a sponge mix on heating to investigate energy 
distribution.
An extension of this method is to convert the heating pattern 
obtained into an isothermal pattern in a material, after it 
has been heated in the oven. It is possible to measure the 
temperature of the material by measuring the infra-red 
radiation emitted; levels of radiatioh are small, so that 
infra-red sensitive film is not suitable.Bengtsson and Lyke 
(1 9 6 9) used a scanning infrared camera, mounted in fro&t of 
the oven door, so that the temperature on the surface of food 
heated in the oven could be converted into isotherms. Guy 
(1971 a) used a single dimensional scanning camera to measure 
the temperature along a single line of the material; using 
this technique, the results can be obtained in the form of a 
graph of temperature against distance.
Table 2.1 The electromagnetic spectrum
Frequency-Hz Designation
10
D .C i
10 ‘ A.C. power transmission
1 0 '
1 0 '
10 Induction heating
510^ LW
106 MW
107 sw
IQ8 VHF
109 UHF
1010 SHF
1011 EHF
Radio
Waves
Micro- 
r waves
ISM frequencies
13.56 MHz ± 6.78 KHz
27.16 MHz % 160 KHz
40.68 MHz £ 20 KHz
896 MHz £ 10MHz (G.B.only) 
915 MHz 1,25 MHz (not G*B.) 
2450 MHz | 50 MHz 
5800 MHz -.75 MHz 
22125 MHz - 125 MHz
1012
10
10
13
14
Infra red
10 15 Visible light
1016
1017 Ultra violet
1018
1019
X-rays
1020
1021
Gamma rays
49.
Table 2.2. Relaxation time and static dielectric constant of 
water. (Lane and Saxton 1952)
T °C Ks Tr (X 1012)
0 88.2 18.7
10 84.2 13.6
20 80.4 10.1
50 76.7 7.5
40 73.1 5.9
50 69.8 4.7
Table 2.5. Relaxation time and Ks. calculated from the data of 
von Hinnel (1954)
T0PC Ks Tr (X 1012)
1.5 87.6 17.8
5 86.0 15.4
15 81.7 11.7
25 7 8 U  9.0
55 74.7 7.2
45 71.5 6.0
55 68.0 5.2
66 64*5 4.6
75 61.0 4.1
85 56.8 3.7
95 52.1 3.4
50.
Table 2.4. Specific conductance of sodium ehloride solutions 
(R.C. Weast, 1972)
$ Salt Conductivity K %Qn^ G
mMho/cm.
1.0 16.0 11.5
2.0 30.2 21.6
3.0 44.0 31.6
4.0 57.3 41.2
5.0 70.1 50.3
Table 2.5 Values of S  for electrolytes (Hasted et al, 1 9 4 8 )  
Electrolyte « £
H Cl 10
Ha Cl 5.5
K Cl 5.0
Na OH 10.5
Mg C l 2  1 5
Nart SO. 11
51.
Table 2.6 Calculated values and experimental values of KV and 
K" for salt solutions
Salt contend Calculated values Experimental values 
(Von Hippel 25 deg.C)
1 $ <57* K » . -Ks ionic Tr K* K"dip KMtotal K» K"
0.1 0.58 9.8 7*0 77 9*9 75.7 10.7 17.7 75.6 18.8
0.3 1.8 27.2 19*5 72 9.6 70.6 9.7 29.2 69.3 32.2
0.5 2.9 44*0 31.6 69 9*4 67.7 9*1 40.7 67.4 42.2
Table 2.7 Bound water associated with some food components
Material Bound water (a/g) Reference
Agar 0.8
Milk protein 0.2
Protein 0.2 to 0.5
Horse methaemyoglobin 0.14
Bovine serum albumin 0*23
Egg albumin 0.18
p lac to globulin 0*24
lysozyme 0* 23
Gelatin 0.20
de Loor et.al.,1966
ti tt tt tt tt
Schwan, 1965 
Buchanan et al,1952
t: it n it
ii ti tt ti
tt ft ft ft
ti ft it ti
ti ft ti ft
Table 2.8 The dielectric properties of certain foods at 20 °C.
Substance Composition Ks Shift in Conductivity K« . ionic Kdip Kt'otal K*
C1*) Water $(l) Tr. (l) mMhos/cm ( l ) ( A (2.) '(2.) ( 2 . )
Water 100 80 - - 12.2 1 2 .2 78.4
Agar 4$ 96 73 No shift 0.8 0.6 12.4 1 3 .0 71.2
Agar 8$ 92 66 No shift 1.7 1.2 11.2 12.4 64 # 4
Potato 77 starch 
19$ 
protein 
2$
77 slight
shift
0.33 0.2 10.5 10.7 60.5
Starch + 
Agar
74 starch 
29$ 
agar 2$
74 slight
shift
2.3 1.6 9.8 11.4 56.9
Milk 88 69 slight
shift
4.1 3.0 11.7 14.7 67.2
1# Data of de loor and Mejiboom (1 9 6 6)
2. Calculated from data.
53.
F o o d  Tem p ( ° c )  K* K "  R e f e r e n c e  ( s e e  page  5 4 )
Table 2.9. Dielectric •properties of foodstuffs at 5 GHz
Raw l e a n  b e e f 3 7 4 7 . 0 1 5 . 0 1
Human m u s c le 3 7 5 0 . 0 1 7 . 5 2
ii it 3 7 4 5 -4 8 1 3 . 5 3
C o o k e d  l e a n  b e e f - 2 0 5 . 0 0 . 6 5 1
»» ti it - 1 8 3 . 9 5 0 . 3 4
it it ti - 1 2 4 .  4 0 . 4 7 4
it ii ii - 1 0 6 .0 1 . 0 1
t» it ti - 7 7 . 3 1 . 2 7 4
ti u ii + 4 8 . 3 1 . 7 3 4
»i ii ti + 4 3 7 . 5 1 4 .0 1
t» ii ♦i + 2 5 3 6 . 0 1 2 . 0 1
i» it ti + 2 5 4 0 .0 1 2 . 0 5
tt it ti + 4 0 3 3 . 9 1 0 . 7 1
n it ti + 6 0 3 2 . 1 1 0 .6 1
M ash e d  p o t a t o + 20 6 5 . 5 2 2 .0 1
Raw p o t a t o + 20 6 2 .0 1 6 . 7 6
ti n + 2 5 5 7 - 6 9 1 5 . 7 - 1 7 . 2
rm
L a r d + 2 5 2 . 5 2 0 .1 0 1
u + 2 5 2 . 5 0 0 . 1 8 7
ti + 4 9 2 . 5 9 0 . 1 4 1
ti + 4 9 2 . 5 2 0 . 1  T ; 7
C o m o i l + 2 5 2 . 6 3 0 #16 1
ti n + 2 5 2 . 5 3 0 . 1 4 8
it ii + 4 9 2 .6 6 0 . 1 7 1
ti n + 4 9 2 . 5 7 0 . 1 7 8
C o o k e d  p e a s -2 0 4 . 1 0 . 2 9 1
ii ii + 3 6 4 . 3 2 2 .0 1
it it + 4 0 5 8 . 9 1 3 . 8 1
54.
R e f e r e n c e  s
1 .  B e n g t e s o n  a n d  R is m a n , 1 9 7 1 .
2. Cook,'1951.
3 .  P u s c h n e r ,  1 9 6 4 .
4* V a n  D y k e  e t  a l ,  1 9 6 9 .
5 .  V o n  H i p p e l ,  1 9 5 4 . .
6 .  De L o o r  a n d  M e e jib o o m , 1 9 6 6 .
7 .  P a c e  e t  a l ,  1 9 6 8  a .
8 * P a c e  e t  a l ,  1 9 6 8  b .
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Fig.2.3 Types of polarisation
FIELD 
+
NO FIELD
(a  ) e 1 e c t  r  on i  c p o l a r  i  s a t  i  on
I n d u c e d  d i p o l e  c a u s e d  b y  
d i s t o r t i o n  o f  t h e  e l e c t  on c lo u d
( b ) a t  omic p o l a r i s a t i o n
A change  i n  t h e  e q u i l i b r i u m  
p o s i t i o n s  o f  a to m s  i n  a  
m o le c u le .
( c ) o r i e n t a t i o n a l  p o l a r i s a t i o n
P erm an en t  d i p o l e s  e x p e r i e n c e  
a  t o r q u e  w h ich  t e n d s  t o  o r i e n t a t e  
them  i n  t h e  d i r e c t i o n  o f  t h e  
f i e l d .
( d ) s p a c e  c h a r g e  p o l a r i s a t i o n
M a c ro s c o p ic  f i e l d  d i s t o r t i o n s  c a u s e d  b y  t h e  im pedance  o f  f r e e  
c h a rg e  c a r r i e r s , e i t h e r  a t  a n  i n t e r f a c e  o r  a t  a n  e l e c t r o d e .
57
Fig.2.4 Resonance dispersion
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Fig*2.8 Dielectric properties of water at 25 ° C.
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SECTION 5 - EXPERIMENTAL
5. EXPERIMENTAL
3.1. DETAILS OF THE MICROWAVE OVEN USED IN THE EXPERIMENTS
For the experimental work described in this Section, the oven 
used was a Phillips 1.2 kW model (Model number HN 1102). This 
oven operates at a frequency of 2450 MHz + 25 MHz, and has a 
rated input of 2*8 kW.
The power consumption was measured, using a Wattmeter (Hartmann 
and Braun Ltd. Wembley); the oven had a standby power consump­
tion of 300 watts and an operating consumption of 2,240 watts.
The power consumption of the oven was found to be independant 
of the size and nature of the load in the oven.
The oven is fitted with four controls, which ares
1. Off- isolates oven from power supply;
2* On - switches oven into the standby made;
3. Power on - activation of the heating process and 
initiation of the process timer;
4. Timer - allows the selection of one of a number 
of specified values of heating time; these are 
10, 20, 30, 40, 50 secs., 1, if, l£, if, 2, 2-J-, 3,
4, and 5 mins.
As well as these manually operated controls, there are a 
number of automatic safety devices, which ensure the fail 
safe operation of the oven. Thus the heating cycle is 
terminated if the door is opened, in the middle of a cycle.
Similarly, the heating cycle cannot be initiated, if the oven
door is open.
Since the timer was to be used for the subsequent experimentation, 
it was first of all necessary to measure its accuracy and 
reproducibility. By operating the timer (with a water load in 
the oven) and comparing the duration of the heating time for a 
particular timer setting, against a stop-watch, the results
shown in Table 3.1 were obtained® Each average time shown 
in the Table is the mean of ten measurements* The co­
efficient of variation was also calculated on each set of 
results*
(Co-efficient of variation a Standard Deviation x 100)
mean
A schematic diagram of the oven, showing the location of its 
main components, is given in Fig.3*1; details and dimensions 
of the oven cavity are shown in Fig.3.2.
3.2. ENERGY DISTRIBUTION IN THE OVEN CAVITY
5.2.1 Introduction
One of the main problems in designing a resonant cavity micro­
wave oven is to obtain a uniform energy distribution throughout 
the cavity (see Section 2.5.3)* Iu Section 2.6, Several 
methods have been described, for assessing the uniformity of 
energy distribution. As a preliminary to experimental work, 
it was necessary to first of all investigate the energy 
distribution in the oven which was to be used* The methods 
described in Section 2.6, fall into two categories: those
using a single continuous material, which covers the whole oven 
cavity area and those using a number of equal size, regularly 
spaced containers. In the description of experimental work 
which follows, several methods in the first category were 
investigated, usings heat sensitive pigments? silica gel/ 
cobalt chloride crystals? agar gel? and agar gel with egg 
albumin. For the second category of methods water was used as 
the lossy material contained in glass beakers and arranged in 
several different arrays.
5.2.2 Methods
3.2.2.1 Thermocolours.
There are many heat sensitive pigments, available in the form 
of powders and crayons, and covering a wide range of temperatures* 
For this test a *thermocolour* was used (Headland Engineering 
Developments Ltd.), having a colour change, from light green to 
blue, at 60 °C. The pigment, available in the form of a powder, 
can be applied to any solid surface. The method of application 
is to disperse the powder in alcohol and to then 'paint* the 
surface with this dispersion. On evaporation of the alcohol the 
thermocolour is left as a thin, pale green layer on the surface 
and it is then ready for use*
Since the pigment is not itself lossy, it is necessary to apply 
it to a solid surface which ‘becomes hot in the microwave field. 
Most plastics and glasses have a low loss factor (Von Hippel, 
1 9 5 4), but it was found that a one-eighth inch thick glass 
sheet heated up sufficiently in the electromagnetic field to 
cause a colour change in the pigment.
When a glass plate, coated, with the heat sensitive pigment, 
was heated in the microwave oven, an irregular pattern of hot 
areas was produced, as indicated by the colour change of the 
pigment from pale green to blue. It was necessary to confirm 
that this colour change was due to differences in energy 
distribution, and not to some other factor, such as a variation 
in lossiness between different parts of the glass plate. To do 
this the glass plate was heated in the oven and the pattern 
recorded as shown in Fig, 3*3* To obtain a record of the 
pattern a photograph of the glass plate was taken; the 
negative could then be projected into a sheet of paper and a 
scale diagram produced. After the glass sheet had cooled down, 
and the pigment had reverted to a uniform colour, it was 
reheated again, for an equal period of time, but this time 
turned through 180 degrees from the previous position - the 
result obtained is shown in Fig.3 .4 * If the pattern had been 
due to some difference in the structure of the glass, the 
pattern should have changed through 180 degrees; but if the 
pattern were due to the energy distribution in the oven, the 
pattern should remain the same. Reference to Figs* 3.3 and 
3.4 . shows that the pattern obtained was a function of 
position in the oven, rather than of the structure of the 
glass plate, implying that the pattern was a measure of the 
distribution of the energy in the cavity, under these 
particular test conditions. There were minor differences in 
the patterns produced in the two positions, as shown by an 
*X' in the diagram; these could be caused by an irregularity, 
either in the thermocolour layer, or in the structure of the 
glass.
3 *2.2.2 Silica gel crystals
When used for dehydration purposes, silica gel crystals are 
combined with cobalt chloride, which indicates the hydration 
state of the crystals: the dehydrated gel has a bright blue
colour, which, when it becomes hydrated, changes to pink.
The reverse of this change, from pink to blue, can be used as 
an indicator of hot spots in the oven.
If hydrated silica gel is placed in the microwave oven, it 
becomes hot, because the water of hydration acts as a lossy 
dielectric. This heat causes evaporation of the water and 
hence a change in the colour, from pink to blue.
A tray, one half inch deep and of the some area as the oven 
cavity (49.5 by 26 cm.-fo was constructed out of •Jr1* perspex. 
This was filled with finely ground silica gel crystals to a 
depth of 1 cm. In practice it was difficult to obtain a 
completely uniform layer of crystals. In order to determine 
if this variation in depth had any effect on the pattern 
produced, the same technique as had been used for the glass 
plate was employed. The heating was repeated with the tray 
in two different positions, allowing time for the crystals to 
revert to the uniform pink colour between the two heating 
processes. It was found that the pattern produced, relative 
to position in the oven, was unchanged, indicating that small 
non-uniformities in the depth of silica gel had no effect on 
the pattern produced. -
3m2.2.3 Agar gel.
A gel can be made using agar and water, which contain a high 
percentage of water capable of rotation in an electromagnetic 
field. The presence of a. gelling «•' agent slows down re­
distribution of heat, by preventing convection heat transfer
processes* This means that if agar is moulded into a thin 
gel, of the same a ’rea as the oven cavity, any non-uniformity 
in temperature caused by unevenness of the electric field can 
be measured, after the agar has been removed from the oven.
The temperatures were measured using thermocouples mounted in 
a foamed polystyrene sheet, in the form of a three by three 
array. The measuring instrument used did not allow simul­
taneous measurement;.of these nine thermocouples, so that 
temperatures had to be measured sequentially. (Fig.3«5a)
During the delay between the end of the heating process and 
the measurement of the temperature at the first thermocouple, 
heat will be lost from the surface^ Although the 
thermocouples are mounted in foamed polystyrene, which will 
reduce convective heat transfer, some change in temperature 
will occur during the time required to measure all nine 
temperatures* The rate of loss of heat was measured as shown 
in Fig.3 .5  (b). The agar was moulded in the perspex tray, 
which was described for the silica gel method. To ensure 
that the depth of the agar layer was uniform, a spirit level 
was used to level the tray before pouring in the l$Ionagar 
(Oxoid Ltd. ) Fig.3.5(b) shows the rate of cooling: there
was a delay of one minute between the termination of the 
heating cycle and the measurement of the first temperature, 
after which readings were taken at 10 second intervals.
Since the actual value of the temperature at the end of the
heating period does not have any special significance, it is 
not necessary to extrapolate all temperature readings to 
zero time; it is sufficient to convert all temperatures to 
the same time. The nine temperature measurements take a tdteil 
of 16 seconds. A diagram of the position of the thermocouples
is shown in Fig. 3*6. It is possible to measure each
temperature twice, reversing the sequence after the first set
Time (seconds) 60 62 64 66 68 70 72 74 76 78 80 82 84
Position Al BI Cl A2 B2 02 A3 B3 03 03 B3 A3 02
Time (seconds) 86 88 90 92 94
Position B2 A2 Cl Bl Al
An estimate of the temperature.^after 77 seconds can be obtained 
by averaging the two measurements taken at each position. This 
assumes a linear cooling curve and the maximum error would 
occur at position Al. Reference to Pig. 3*5*(b) shows that the 
temperatures after 60, 77 and 94 seconds are 69.0, 63.8, 6 4.0 
and 59*0 °0j the estimate of the temperature after 77 seconds, 
using a linear 1 at 60 and 94
seconds is obtained by averaging these two temperatures* In 
this case the average is 6 4.0, an error of 0,2 from the measured 
value of 63,8. For lower temperatures the error will be less 
because of the decreasing slope of the time/temperature graph, 
Even at its maximum value of 0,2 it is of the same order as 
that for the temperature measurement. Therefore, this method 
of converting all temperatures to a time of 77 seconds after the 
end of the heating process is, in this case, satisfactory as a 
method of converting all array temperatures to the same time 
datum.
For the measurements of energy distribution, two 3 by 3 arrays 
of thermocouples were useds one having 6 cm, spacings between 
thermocouples and the other 2 cm spacings; these are shown in 
Figs. 3.6 (a) and 3*6-(h). The 2 cm array measures variation 
of temperature over a small area of the oven and the oven and 
the 6 cm array,measures the variation over a larger area of the 
oven.
3.2.2.4 Agar/egg white gel.
of measurement, as shown below.
The technique described above for measuring the temperature at
fixed points, although providing quantitative information, 
cannot "be used to provide information over the whole area of 
the oven, unless a very large number of thermocouples are 
used* By incorporating egg white in with the agar it is 
possible to assess the variability over the whole of the oven 
area.
For this experiment 1$ lonagar was used. Dried egg white 
(United Yeast Company Ltd.) was dissolved in water and warmed 
to 45 °C; this was then mixed with prepared liquid agar, also 
at 45 °C. After mixing, the combined egg white/agar/water was 
poured into the pyrex trays, described previously in this 
Section# Gels were prepared with egg white solid contents from 
1 to 10$. The sharpest differentiation between uncoagulated 
and coagulated egg white was obtained at a concentration of 5$? 
this coagulation occurred over the temperature range of 57-59 
degrees C.
3*2.2.5 Array of beakers.
One of the commenest methods for assessing the uniformity of 
energy distribution is the oven is to use an array of beakers 
(see Section 2.6). m©thods, as described in the
literature, use various arrays and different volumes of liquid, 
which in the majority of cases is water. To examine the 
significance of volume and spacial array, a 4 by 5 array of 
100 ml of water was compared with a 3 by 2 array of 10ml of 
water, as shown in Fig,3.7. In both of these methods the 
beakers were all heated at the same time, after which the 
temperatures were measured sequentially and corrected to the 
same time value, as described for the agar sheet.
For the 4 by 5 array the water was contained in 100ml glass 
beakers? temperatures were measured using a mercury in glass 
thermometer, with an accuracy of + 0.2 °G. This was used to
stir the sample for 5 seconds after which the temperature 
reading was taken. Thus it took a total of 80 seconds,to 
measure -the temperature twice at each location. Averaging 
the results for each array position gave an estimate of the 
temperature 42 seconds from the termination of the heating 
process.
The 10 ml samples these were contained in plastic 15 ml sample 
bottles, which were fitted with polythene caps* They were 
mounted in a block of foamed polystyrene, which served both 
to locate the samples in the correct positions and also to 
reduce surface heat losses. The cap prevented evaporation 
of water from the sample. After the termination of the 
microwave heating, the polystyrene block, complete with 
sample tubes, was removed from the oven and inverted four 
times, to ensure thorough mixing of the water* A thermocouple, 
mounted in a hyperdermic needle, was used to measure the 
temperature in each bottle; this was done twice, reversing 
the sequence for the second set of measurements, as described 
previously. Polystyrene has a very low loss tangent (von 
Hippel, 1954 gives a value of 0*0003, equivalent to a K n of
0.0029); this means that the presence of a block of polystyrene 
is unlikely to have any influence on the energy distribution 
in the cavity.
An alternative approach is to heat the beakers individually at 
each of the positions, with only one beaker in the oven during 
each heating cycle. The 4 by 5 array of beakers was used, 
each containing 100 ml of water, allowing direct comparison of 
the results. After the heating cycle had terminated the beaker 
was removed from the oven and stirred with a calibrated 
thermometer (+ 0.2 °c); the reading on the thermometer was 
taken after an interval of 20 seconds from the end of the 
heating cycle*
3 . 2 . 3 . Results
A comparison of the pattern produced, at the same shelf 
position in the oven, for silica gel, thermocolour and egg 
white/agar gel is given in Figs. 3*8 (a), (b) and (c).
These patterns were all obtained at shelf position 2% the 
heating time was varied for each, to give a clearly 
discernable pattern. This time was different for each 
method because:
1. the lossiness of each material was different;
2* the thermal capacity of each material was different;
3, the temperature at which the visible change in the 
media occurred was different for each of the three 
materials.
Fig, 3*9 shows the effect on the., coagulation pattern of varying 
the volume of egg white/agar gsl; these patterns were produced 
using | r ,  1  and 2  litres of agar, corresponding to depths of 4 ,
8 and 15 mm. Patterns were obtained, for each of the three 
display methods, at each of the three shelf positions, as shown 
in Figs, 3*10, 3.11 and 3.12.
Results for the temperature measurements on the sheet of agar 
are given in Tables 3.2 and 3.3I 5*2 refers to the 6 cm array 
(Fig 3.6a) and 3*5 to the 2 cm one. The letters refer to the 
array positions given in Figs 3*6 (a) and oo. Each temperature 
rise is the average, of five measurements and the figure in 
brackets is the standard deviation of these five measurements.
1:litre Of/agar,-was -used, at an initial temperature of 20 °C 
and using a 30 second heating time, at shelf position 1,
The results for the 5 by 4 array of beakers, each containing
100 ml of water, are shown in Table 3*5* The initial tem—
• o ’perature of the water was 20 G and the results show the
average increase in temperature, for 5 measurements at shelf 
position 1, Alpha-numeric array positions refer to the 
arrangement shown in Fig. 3*6 and the figures in brackets are 
the standard deviation of the five measurements at that 
position.
Table 3*4 shows the results for 100 ml aliquots of water, 
heated for 20 seconds, at each of the 20 array positions as 
in Table 3*4. Each figure in the Table is the average of 
three results at that position and is the increase in 
temperature from an initial temperature of 20 °0. Table 
3*4 (a) refers to measurements in shelf position 1,3 4 (b) to 
shelf position 2 and 3*4 (e) to shelf position 3? the results 
of each of these Tables are summarised in Table 3*4 (d).
For the 2 by 3 array of 10ml aliquots of water, results are 
given in Table 3*6. These results give the increases in 
temperature, from an initial temperature of 20°G, and are the 
average of 19 measurements.
3.2.4 Discussion of results
Many methods are described in the literature for demonstrating 
the distribution of energy in a resonant cavity microwave oven. 
All of these methods utilise the generation of heat in a lossy 
material; the heat generated is a function of the frequency 
of microwave radiation, the dielectric properties of the 
material and the electric field strength* Therefore, provided 
that the frequency and dielectric properties are constant, the 
heat generated at any point will be dependant on the electric 
field strength at that point* Although the frequency is 
dependant on the load in the oven, it is constant throughout 
the cavity at any point in time# The dielectric properties may 
change during the heating process; thus, dehydration may 
reduce the lossiness* In this case the generation of heat 
would tend to be more even than in a ease where the higher 
temperature causes’, an increase in the lossiness.
As discussed in Section 2*5*3*t the load in a resonant cavity 
is an integral part of the resonant system. Thus, the material 
in the oven influences the number and types of resonant modes, 
and hence the energy distribution in the cavity. This is 
clearly illustrated by reference to Fig.3,8
Three different methods were examined, which produce a visual 
display of the energy distribution -=■ thermocolour, silica gel 
and egg white agar. By comparing Figs. 3*8 (a), (b) and (c), 
which were obtained by each of the three methods at the same 
oven shelf position, it can be seen that each method produces 
s. different pattern. The glass plate and thermocolour, pyrex 
tray and silica gel and pyrex tray and egg whit© agar gel all 
represent different loads to the microwave generator; and 
because of this, they produce a different resonant mode.
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Fig. 3.9 also illustrates the effect of the load in the oven, 
on the distribution of energy. In this case three different 
volumes of the egg white agar gel were heated in the oven? 
it is clear that the pattern produced varies as the amount of 
material changes, even though the load in each case has the 
same dielectric properties. It was found that the pattern 
produced with two litres of the gel was more uniform than for 
the half and one litre loads, as shown by the fact that fewer 
small hot spots occurred and by the fact that large areas of 
the material coagulated at the same time.
The results for the agar sheet and the arrays of water are 
summarised in Table 3*7? this Table shows the variance 
(expressed as the Co-efficient of Variation, because of the 
different overall average temperature rise in each material),
The variance at a single position is a measure of errors caused 
by variation in the heating time and inaccuracies in the 
temperature measurement. The overall variance, as well as 
containing these errors, is largely a result of spacial 
variation in the electric field strength. This variation in 
field strength is considerably greater than the errors in 
temperature measurement.
It is interesting to note the difference in the Co-efficient 
of Variation between rows 3 and 4. Row 3 refers to twenty,
100 ml aliquots of water, heated simultaneously in the oven, 
whilst row 4 was obtained for a single 100 ml sample, both 
determinations using the same array positions. The higher 
value of the single position Go-efficient of Variation for 
the twenty beakers is to be expected, since there is a greater 
error in the temperature measurement, than is the case for the 
single beaker* The surprising thing is the high overall
variability in the ease of the twenty beakers. This means 
that the determination of variability in the temperature for 
an array of beakers is not an accurate indication of the 
energy distribution for a single sample of food, placed at 
different points in the oven.
Despite the disparate results, obtained for the visual methods, 
it is possible to make some conclusions on the energy 
distribution in the oven cavity/ Thus comparing the results 
for the three visual methods, in shelf position 1, (Figs.
3*10a, 3 * H a  and 3*12a), they all show the presence of a 'hot 
spot* in the centre of the cavity area. This 'hot spot* was 
also noticeable on the results for the 4 by 5 array of beakers 
(position 3 c in Tables 3*4 and 3*5a) and also for the layer 
of agar.
Results at other shelf levels are not so consistent? thus with 
egg white gel (fig 3*12) silica gel (3*ll) and for the 4 by 5 
array of 100 ml water samples, (Table 3.4), there is evidence 
of a central 'hot spot* at all three shelf levels, but with 
the thermocolour this is absent at positions2 and 3 (Fig.3.10). 
Table*3.4 (d) indicates that the variability is less at shelf 
position 2 (standard deviation 2.2), than at the two other 
bhelf positions (3*6 at shelf 1 and 3*8 at shelf 2).
There is no significant difference between the results for the 
10ml and 100ml arrays. If there were highly localised 
variations in the energy distribution, a 100ml sample might be 
expected to 'average out* these differences, which would be 
found in the smaller 10ml. samples. Since there is no 
difference between the estimated variability in 10ml and 100ml 
of water, this indicates that there are no localised regions of 
high and low energy density.
From a comparison of several typical methods of assessing the 
distribution of energy in a resonant microwave oven, it is
clear that the technique of measurement!-has such a large 
effect on the energy distribution, that no one technique 
is universally applicable. Thus a technique for assessing 
the energy distribution must be related to the use which is 
being made of the oven* It is not possible to talk in absolute 
terms of the energy distribution; this is dependant on the 
load in the oven. For this reason it is important that this 
is assessed for each application or experiment, since in 
each case a unique pattern will be obtained, +
3.3 TOTAL POWER ABSORPTION BY WATER AND SIMPLE FOODS
Introduction
Although'the rated power consumption of the oven is 2.8 kW, 
its actual consumption was measured as 2.4 kWj this was 
constant and independant of the amount and nature of the 
material in the oven. The purpose of the experimental work 
in this section was to determine what proportion of this 
power was absorbed by the material placed in the oven.
Most of the power consumption of the oven will occur at the 
magnetron? this is subject to high losses, which appear as 
heat in and around the magnetron. The operating efficiency 
of magnetrons in continually being improved and current 
models have an efficiency of the order of 65$ (Pickering 
and Lewis, 197l). Small amounts of power will be consumed 
by ancillary equipment, such as the cooling fan, mode stirrer 
and oven light. With the exception of the mode stirrer, 
these are all operating whilst the oven is in the standby 
condition, which was measured as having a power consumption 
300 W (see Section 3.l).
Of the power which is radiated from the magnetron, some will 
be absorbed by the walls and fittings in the oven* some will 
be absorbed by the materials in the cavity, some will leak 
from the cavity (largely through the door seals) and the 
rest will be reflected back down the waveguide to the 
magnetron, where it will be dissipated as heat.
Von Hippel (1954) gives a relationship, which expresses the 
power absorbed by a material in an electromagnetic field as 
a function of the electric field strength and the conduct­
ivity of the material.
• ....... .««••• (3»l)
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Converting the conductivity to the imaginary relative 
permittivity (Equation 2*10), equation 3*1 becomes:-
3? =  2 . r r  , f .  £ 0 . k " . e 2 ................................... ( 3 . 2 )
which was given in Section 2®4.1. as equation 2,21,
The experimental work which is described in the following 
section, is an investigation of the effect of the amount and 
nature of the material in the oven, on the . power which it 
absorbs; this cap. then be related to the dielectric 
properties of the material.
5,5.2 Experimental
Water is amongst the most lossy of materials at microwave 
frequencies and its physical properties are well documented. 
For these reasons it was used as the basic material for the 
investigations,
The relationship between energy absorption and temperature 
rise, with allowance for the evaporation of volatile material, 
is given by equation 2.22 (Section 2.4*l). This can be 
converted to power absorption, in Watts, by dividing by the 
heating time (Equation 2.23), assuming a constant rate of 
power absorbtion.
P (abs) = —  (l.s.At. + m . L ) ..........  (3.3)
A T
To obtain a true value for 'the power absorption, it is 
necessary to correct the right hand side of equation 3.3f to 
allow for heat losses, Oobiing curves for various volumes 
of water, contained in 100ml pyrex glass beakers, are shon, 
in Fig. 3*13* From a knowledge of the time interval between 
the end of the heating cycle and the temperature measurement, 
it is possible to correct this temperature to its true value 
at the end of the heating period, (There will also be some 
loss of heat during the actual heating period; this is 
difficult to estimate, since the temperature is increasing 
with time.)
Some of the heat which is generated in the water will be used 
to heat up the walls of the glass beaker. The specific heat 
of glass is 0.199 (Robson, 1967) and the glass beaker used in 
the experiments has a mass of 45g» therefore, the thermal 
capacity of the glass beaker is 8.96 cals °G. In practice
3.3,2.1 The effect of the volume of the material.
not all of the walls of the beaker are in contact with the 
water and, since glass has a low thermal conductivity, only 
that part of the glass in contact with the water will be 
heated* An estimate of the heat loss to the glass was made 
by calculating the mass of glass in contact with the water 
and calculating the thermal capacity of this portion of the 
beaker, as shown in Table 3*8.
The power loss due to evaporation of water contained in a 
100ml glass beaker, over the temperature range 20 to 90 °C 
is shown in Fig 3.4. The results are expressed in terms of 
the rate of heat loss (Watts). This is calculated from the 
following expression:
Rate of heat loss (Watts) =* Ev . L .. J ...... (3-4)
60
where Ev is the rate of evaporation from the 
surface ( g / min.)
L is the latent heat of evaporation at the 
appropriate temperature.
Using the data in Figs. 3*13 and 3.14 and Table 3*8, the 
temperature measurement on the water in a 100ml beaker can be 
corrected to give an estimate of the true temperature at the 
end of the heating period; and also an estimate of the tdal 
power absorption. Thus, considering 100ml of water heated for 
60 seconds iQ a microwave oven, if the temperature, measured 
30 seconds after the end of the heating period is 50 °C, the 
true temperature, at the end of the heating will be 50.45. 
(Reference to Fig 3*13 shows that the rate of coaling for 
100 ml at 50 °C is 0.9 °C/min.) The power required to raise 
the water and glass to this temperature is given by the 
relationship:
P (Watts) = 50 x 45 x ( (100 x 1.06W 9.0 \(4.2
60 V '
To this figure must he added the heat lost by evaporation 
of water. At 50 °C this is equivalent to power loss of
2.6 watts.
To minimise the magnitude of the correction due to heat 
losses, it is advantageous to minimise the final temperature. 
This can be done by adjusting the heating time for each 
vlume of liquid, so that the heating time is directly 
proportional to the volume of liquid. To do this, it is 
necessary to make the assumption that the power absorption is 
constant with time; this assumption was tested, as described 
below.
100ml of water, at an initial temperature of 20 °C, was heated 
for various times between 10 and 30 seconds, after which the 
temperature was measured to give the increase in temperature, 
as shown in Table 3*9. This was then corrected for heat 
losses, as described above, and the power absorption calculated. 
A total of 5 measurements was made at each temperature- and the 
mean and Standard Deviation of these results calculated. The 
overall mean and S.D. was also calculated for all of the 
results. There was no significant difference between the 
calculated power absorption for the different heating times, 
indicating that the rate of energy absorption was constant.
Table 3.10 shows the effect of volume, on the power absorption. 
Column 2 is for water in unlagged glass beakers, corrected for 
heat losses as described above. Column 3 shows the results 
for water in 15ml polystyrene sample bottles mounted in a 
block of foamed polystyrene. Each bottle was filled with 10ml 
of water and a number of bottles used to make up the total 
volume. The blook of polystyrene was fixed on the oven shelf 
and was bored with holes to provide locations for 10 bottles.
To reduce the effects of variation in the energy distribution 
bottles were heated in all possible sample positions, and the 
results averaged. ,
In all cases it was found that there was a greater power 
absorption for the multiple sample volume than for the single. 
This could be because the single sample, which was always at 
the same point in the cavity, was in a region of low energy 
concentration or it could be because of the effect of the 
increased surface area of the multiple sample.
From these results, it appears that the power absorbed by a 
given volume of water is not constant, but depends on the 
sample geometry* To confirm these findings various arrange­
ments of 60 ml of water were heated for 10 seconds in glass 
beakers. A 2 by 3 array of six beaker positions was used, the 
results, shown in Table 3.11* being based on an average of 
measurements in all six positions. For the multiple samples, 
the temperature rise in 60 ml was calculated by averaging the 
temperature rises in the individual beakers. Temperature 
rises were corrected for heat losses, as described previously* 
allowing for the thermal capacity of each beaker in the array 
and for evaporation foxm the liquid surface of each beaker.
These results confirm the findings in Table 3.10? for a given 
volume of water the total power absorbed is not constant, but 
depends upon the spaeial arrangement of the samples. The
effect of energy variation in the cavity has been eliminated 
by using the same positional array for all samples, so that 
the difference is due to some other factor, such as surface 
area. The surface area of the water is shown in Table 3«10 
together with the surface power density. It can be seen 
from these figures that, although the total power absorption 
increases with incres.se in surface area, the surface power 
density decreases.
3.3.2*2 The effect of the nature of the food
Fig. 3*15, shows a comparison of the power absorption by water 
and corn oil. The specific heat of corn oil was measured at 
25°G, and was found to have a value of 0.41 cals/°c/gm. The 
oil was heated in single samples, as for the larger -v&umes of 
water. Because of the low values of power absorption, actual 
temperature rises were small and corrections for heat losses 
were small. Also, no correction was needed for evaporation 
of the sample.
For the remaining experiments in this section, the samples 
were contained in polystyrene sample bottles, mounted in the 
form of a 2 by 3 array, in a block of foamed polystyrene. 
Samples were heated in all locations, and the block of 
polystyrene was fastened to the oven shelf. These precautions 
were necessary to remove the effects of varying energy 
absorption, both at different points in the oven and also with 
different arrangements of a given -volume. It was found that 
the polystyrene mounting, together with the capped sample 
bottle, reduced heat losses to a negligible amount, so that 
heat loss corrections were not required.
A 30$ sucrose solution was prepared, using AR grade sucrose, 
and various volumes of this, between 10 and 90 ml, were heated 
in the oven. Six measurements were made at each volume and,
from the average temperature rise, the power absorption was 
calculated. Values of specific heat and density were obtained 
from Tables of the physical properties of sugar solutions 
(Horrish, 1972). A temperature intermediate between the initial 
and final values was used for these pljsical properties. The 
results are shown in Table 3.12.
Solutions and suspensions of egg albumin, starch (unhydrolysed), 
salt and sucrose were prepared at various concentrations. 60g 
samples (6 by lOg) of these solutions were heated in the oven 
(located in the polystyrene block), and the temperature rise 
measured. The six temperature rises were averaged, to give 
the temperature rise ; the heating process was repeated three 
times for each substance. Specific heats for the sucrose 
solutions were obtained from Tables; for the other materials 
they were calculated from the approximate relationship (Earle, 
1966):
Specific heat = p + 0.2 x (lOO- r> ) ........ (3.5)
100 100
This equation gives a value for the specific heat (cal/g. °0), 
where p is the percentage of solids in the material. Energy 
absorptions for these materials are shown in Table 3.13.
During all of these measurements, the power input to the oven was 
mShitored; the standby consuption was 300 W and the operating 
consumption was a constant 2.4 k¥, independant of the ©mount and 
nature of the load in the oven.
Of the 2,4 kW consumed by the oven, 0.3 kW (standby consumption) 
is consumed by auxilliary equipment; most of the remaining 
2*1 k¥ represents the power consumption of the magnetron.
Reference to Fig. 3.15 shows that the maximum power absorption 
was 820 watts into 800 ml of water. The corresponding figures 
for corn oil was 780 watts. Both of these figures are subject 
to errors caused by heat losses and specific heat values.
Whilst the thermal properties of water are well documented no 
accurate information on the specific heat of corn oil could be 
found in the literature. For this reason the specific heat of 
corn oil was measured experimentally: this measured value has
an error of + 5$. Because of this error, the figure of 780
watts is not significantly different from the power absorption 
for water. A comparison of the results for water, 30$ sucrose 
and corn oil indicates that, for large volumes of material, the 
power absorption is independant of the nature of the material*
The maximum absorption for these large volumes of 820 watts is 
equivalent to an efficiency of 40$. The losses of 60$ will 
arise from magnetron losses, transmission line losses and losses 
due to the oven cavity and fittings together with leakage of 
radiation from the cavity.
If equation 3.2 were to hold for a resonant cavity, the energy 
absorbed by a given volume of material would be a function of the 
loss factor of the material. K" for water and oil are 11.3 and 
0.15 respectively; from this it would be expected that oil 
would absorb 14$ of the energy absorbed by water. In practice 
the ratio varied for different volumes, from 33$ for 100ml to 
approximately 100$ for volumes over 300 ml. Using equations 
2.17 and 2.14 the value of K H ^or a solution is 8,
compared with a value for water of 11.2. Equation 3*2 predicts 
that, for a given volume, the absorption for a 30$ sugar
5*3.3. Discussion of results
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solution is 73$ of that for water. A comparison of the data 
for water and a 3C$ sugar solution is given,in Fig,3.16; as 
with the water and oil, there is not a constant difference 
between the absorption for water and a 30$ sugar solution,
It varies from 72$ (for 18 ml#) to 95$ (at 90 ml).
The resoon that equation 3.2 does not hold for a resonant 
cavity is the effect of the load in the oven on the coupling 
of energy into the cavity. Although the power consumption of 
the oven is constant under different loads, energy coupling 
into the cavity depends upon the size and dielectric properties 
of the load, excess energy being reflected back to the 
magnetron, where it is dissipated as heat.
Using the same data as in Fig 3.16, Fig. 3.17 shows a pbt of 
the power absorption for a 30$ sugar solution against the 
weight of water in a given volume of the solution, compared;7 
with the absorption data for water. There is a very good fit 
between these two sets of data, indicating that, for this 
oven, there is a close relationship between the energy 
absorbed by a given solution and the mass of water contained 
in the solution.
This relationship is further confirmed by the data of '£hble 3*13; 
Figs* 3.18, 3.19, 3.20 and 3.21 show this data plotted in the 
same way as for the sucrose solution. With the exception of the 
salt solutions, the power absorption is equivalent to the 
absorption by an equal weight of water to that in the sample.
Salt solutions, which have a higher value of K %  than water, 
showed a lower absorption than for the equivalent weight of 
water. Also, this relationship cannot be applied to low water 
content materials, such as the corn oil.
These results are not absolutely reliable because of the lack 
of physical data for the solutions under investigation, and
also because only a small range of samples were investigated. 
It would also be useful to confirm these results for masses 
of material other than 60g.
The reason for this relationship between the water content of 
a material and its power absorption could be the way in which 
this type of resonant cavity oven is tuned. The electrical 
properties of a transmissions- line, coupled to a resonant 
cavity, can be adjusted to obtain maximum energy coupling, 
between the line and the cavity, under any desired working 
conditions. In this case it would seem that the oven has 
been tuned to give maximum efficiency into a water load® The 
relationship between the various solutions is similar to the 
findings of Van Zante (1968) which were discussed in Section 
2 . 3 * 1 #
3.4 MEASUREMENT OF THE ABSORPTION CO-EFFICIENT
5.4.1. Introduction
The decay in field strength of an electromagnetic wave as 
it penetrates into a propagating material, and the resultant 
decrease in poxfer with depth of penetration is discussed in 
Section 2*3*2.
The exponential decay in power can be related to an absorption 
co-efficient ( k ), by equation 2*25*
P aa P .exp ( - k.z) i P =s P *exp ( -k.x)
Z O 7 X
P ’jt  < x n +  ^ i j ? o w e v
k can be related to the dielectric properties of the propagating
material, using equations 2.27 and 2.28. (in some branches of 
the physical sciences the symbol k is also used to describe the 
attenuation of energy in a material, where k is given the value:
k =
2. T?
In this discussion, k is always equal to 2
The energy absorbed by the material, as a result of attenuation 
of the wave, is converted into heat* Fig. 3.22 shows the 
relationship between power, power absorption and depth.
The power absorbed by a slab of material of thickness 
when subject to electromagnetic radiation hdrmal to the surface, 
is equal to the difference in power levels at the depths x and 
x +Ax.
P » P - P * exp (~>k. Ax) a x x * '
Since P = P . exp (-k.x ) x o
B = P . exp (-k.x) (l - (- k, A x ) )B, O \  © /
The-power absorbed P is converted into heat, according to
SI
the relationship:
(3.8)
Substituting equation 3.7 for P gives equation 3.3 
M J5.— _rjLlj££2LlL ( 3 * 9 }i»e»9ee9iiie«(M . )
where C a
F o -  C1 -  e (- k ' A  x)j
Ax. J . s
From equation 3.9, it can be seen that the rate of temperature 
rise also follows an exponential decay with depth into a 
material. The slope of this exponential decay is given by k, 
the absorption co-efficient. Therefore, from a knowledge of 
the temperature at various depths after a period of microwave 
heating it should be possible to calciilate lc; graphical 
integration of this data will also permit the calculation of 
the total power absorption.
This estimate of the power density of the incident wave does 
not include any energy which passes straight through the 
material without absorption, nor does it include any energy 
reflected from the surface.
The experimental work described in>this Section was designed 
to investigate several factors. These ares
1* to measure the value of k in solid .food materials;
2. to compare these experimental values of k with 
theoretical and literature values;
3. to obtains;temperature profiles for semi-infinite 
solids and infinite slabs of food materials to 
allow comparison with a theoretically derived 
profile, described in Section 4.
In order to measure k from the temperature distribution in a food 
material, it is necessary that the incident radiation is normal 
to the surface and that the energy enters through only one 
surface, as shown in Fig.3.23 (a)* In a, microwave oven, 
radiation enters a material in the oven through all surfaces.
Two methods were investigated for achieving a measurementof the 
temperature distribution in a semi-infinite solid, as shown in 
Figs* 3*23(b) and 3.23(c)*
One way of ensuring that the energy enters through one surface 
only, is to coat all but one surface with a layer of metal; this 
this will reflect radiation away from these surfaces, thus 
permitting absorption through only one surface.
The other approach is to take a large block of material so that 
waves are attenuated to a very low level before they reach the 
centre and thus caus.e insignificant heating; in this way each 
surface will behave as though it were a semi-infinite solid.
3.4.2.1. Method.
The 'lossy1 material used in these experiments was a gel of 
1$ lonagar (Oxoid Ltd.) in water; this has the advantage of 
having very similar dielectric properties to water and also 
it is solid so that there is no redistribution of heat by 
convection. This is important because temperatures cannot be 
monitored during the heating, but must be measured after the 
heating has finished.
To enable the temperatures to be quickly measured at fixed 
depth intervals, thermocouples were mounted on a plastic strip, 
which could be inserted into the agar at right angles to the 
surface, as shown in Fig. 3.23.(&). The thermocouples were 
mounted in the plastic strip at 1 cm intervals and located in 
position using 'Araldite1 to ensure rigidity.
The agar gel was contained in a plastic bottle and the metal 
shielding was in the form of a can whieh was a close fit around 
the bottle.
Initial experimentation indicated that there were a considerable 
variation in temperature measurements when blocks of agar were 
heated for the same time period and at the same position in the 
oven.
Table 3.14 shows a summary; of results obtained for 300 ml of 
agar at an initial temperature of 5°0, heated for 1 min. and 
using metal shielding as described above. These results are 
obtained from a total of 29 experiments. The mean value of A t  
at each depth was calcu^ed together with a co-efficient of 
variation. Also, a graph of against depth was plotted
for each experiment and from this the slope of the graph at
4,5,6 and 7 cm was measured. This multiplied by 2.303 gave 
an estimate of k, the absorption co-efficient.
During the course of these experiments the power consumption 
of the oven was found to remain at a constant level even 
though the temperature measurements were subject to these 
wide variations.
The accuracy of the-temperature measurement is 0.1 °G. 
corresponding to 10$ at a depth of 7 cm (l °0) and 0#2$ at 
the surface (45 °C); the measured variability is much 
greater than this. One reason for this is the effect of small 
errors in the positioning of the thermocouples, A small 
displacement of the thermocouple causes a large change in the 
temperature measurement • At lower depths the accuracy of the 
thermocouple becomes important.
The measurement of the slope of the graph was based on the 
temperature readings at 4*5#6 and 7 cm. Whereas the overall 
variability of these results is of the order of 30$, the 
estimate of the slope has a variability of only 10$? this 
indicates that one cause of the variability is the positioning 
of thermocouples. Displacement of the position of the 
thermocouple mounting strip will cause an equal percentage 
change in all temperature readings and will therefore not cause 
an error in the slope. Thus, although there is considerable 
variation in temperature, at any one depth, for all of the 
determinations, the relationship between the temperatures at 
different depths is much less variable.
Another cause of the variability in temperature at a particular 
depth could be because of variations in the surface power 
density. The variability in energy distribution in the oven 
was discussed in Section 3.2; it was demonstrated that, in 
any material heated in the oven, there will be a variation in
temperature caused by the non-uniformity of the energy t/ 
distribution.
The temperature at a depth of 1 cm in a block of agar 
(complete with metal shielding) i-ras measured at several 
points over 'the surface area, after it had been heated in 
the microwave oven. This was repeated at various heights in 
the oven, but always at the same position on the tray- as was 
used for the measurement of temperature profiles. The range 
of temperatures at each height is shown in Fig.3.24. This 
shows that the variation is only 2 °C at 8 cm, but at 16 cm 
this increases to 10 °0. The height of the surface of the 
agar used in the measurement of temperature profiles was 12 cm, 
at this height the variation was 3 °C, equivalent to a temp­
erature variation of 7$. In practice, the temperatures were 
always measured around the centre point of the agar, and in 
this region the temperature did not vary by more than 1 °G or 
2$. It is therefore unlikely that a large error was introduced 
by variations in the energy distribution over the surface of 
the agar.
The metal can is used to simulate the situation of absorption 
of microwave energy by a semi-infinite solid. Any energy which 
reaches the bottom of the layer of agar is reflected and will 
distort the temperature rise at this point in the can. It is 
therefore important not to make temperature measurements near 
the base of the agar cylinder.
Measurements were made for the temperature profiles in cylinders 
of agar, in a metal can as described previously. The volume 
of agar was adjusted to determine the effect of the thickness 
of the layer of agar on the temperature profile obtained. The 
results, plotted as a graph of log. At against depth, are shown 
in Fig.3.25.
From these results it can be seen that it is necessary to have
an agar depth of at least 4 cm between the lowest temperature 
measurement and the base of the agar* With a depth of less 
than this, the result will be higher than the true value for
a semi-infinite solid, due to a reflected wave from the
metal base of the container.
The effect of the heating time on the slope of the graph of
logAt against depth was also investigated. Agar cylinders 
were heated for varying periods of time and from the results 
a value of k was estimated. Results for 60 seconds heating 
time have previously been given (Section 2.4*2,l)? results 
were also obtained for 30 seconds and 120 seconds.
30 seconds: mean value of k (10 results), 0,91? S.D,0.09.
60 seconds: mean value of k (29 results), 0.94? S.D,0.09.
120 seconds: mean value of k (10 result s), 0,91? S. D,,0.11.
There is no significant difference between these estimates of the 
value of k, obtained for different heating times*
During the period of time required for the removal of the sample 
bottle from the oven, the insertion of the plastic thermocouple 
mounting strip and for the measurement of temperature, heat 
transfer will affect the measured temperature. Loss of heat from 
the surface will be caused by several processes? water will 
evaporate from the surface and the latent heat required will cause 
a cooling of the surface? radiation and convective heat transfer 
will remove heat from the surface? and heat will be transferred 
from the Surface to the inner regions of the agar cylinder by 
conduction. Internally, heat will also be redistributed by 
conduction. Thus any delay between the end of the heating cycle 
and the temperature measurement can cause errors.
To determine the effect of these changes on the measured 
temperatures, and hence on the calculated value of k, a cylinder 
of agar was heated in the mbrowave oven and its temperature
measured after 30, 60, 90, and 120 seconds after the end of 
the heating cycle# Although the surface temperature did 
change rapidly, only small changes were detected at those 
depths used for the measurement of k. As shown in Fig.3.26, 
only a slight change in the*value of k between 30, and 60 
seconds was found#
3.4*2#2# Measurements of the absorption co-efficient k.
Because of the variability of results, discussed above 
measurements of k were based on the average temperature rises 
from ten measurements; results based on the average of ten 
measurements on agar gels, at an initial temperature of 3 °0, 
are shown in Fig. 3.27. •
The increase in temperature was converted into a power absorption
using equation 3.8 and talcing x equal to one cm*, which gives
*2 -
the power absorption in watts/cm ; figures for power absorption 
are shown in Fig. 3.28. This experimental data deviates from 
the straight line exponential behaviour shown in Fig. 3.22# This 
deviation could be due to heat transfer (convection losses from 
the surface and internal heat conduction); or it could be that 
the relationship shown in Fig# 3.28 does not follow the theoretical 
behaviour given by equation 2#25.
If the deviation were caused by heat transfer changes, then the 
behaviour due to microwave heating alone would be given by the 
asymptote to the curve in Fig 3.28# Data for thfe asymptote is 
shown in Table 3.15. The total power absorption for both this 
asymptote and for the experimental data were calculated by 
graphical integration. The area under the graph of Pa  (watts) 
against depth, gives the surface power density in watts/cm2.
This, multiplied by the surface area of the agar, gives the 
total power absorbed through this surface. For the experimental 
data this was calculated as 360 watts whereas for the asymptote
The tdal power absorption into 300ml of water, in the same 
plastic bottle and with the same metal shielding, was 
calculated, as described in Section 3*2. It iras found to be 
400 watts. It is clear that the asymptote is much larger 
than the calculated power absorption and that errors caused by 
heat losses from the surface do not cause the non-linear curve 
for logeP against depth. This means that the experimental 
absorption process is not described by an equation of the 
forms
Px ts Po.exp ( -k.x)
This deviation could either be because the absorption co­
efficient is not constant, or because the absorption does not 
follow an exponential decay.
Using either equation 2.27 or 2.28, k can be calculated for 
water from the data of von Hippel (1954)* Calculated values 
are given in Table 3*16 using both equations; there is little 
difference between the approximate and accurate equations for 
water# These results show that k is a function of temperature. 
This would account for the non-linearity of the graph of log P 
against depth, particularly near the surface where temperature 
rises are highest.
The fact that k is a function of temperature means that it is 
not possible to calculate it, using the rise in temperature in 
a semi-infinite solid. The slope of the straight line portion 
of Fig.3.28 can be measured; this slope is obtained for 
temperatures from 5 to 17 °C. Over this range of temperatures 
k varies from 1.01 to 0,77; this change of 20$ in the value of 
k means that the slope of the graph is only an approximate
this was 1200 watts (see Fig. 3*29).
estimate of k at some intermediate temperature between 5 and 
17* (The centra], point of the sbraight line portion corresponds 
to a temperature of 8 °C*)
Provided the value of & T  is small it is possible to obtain an 
approximate value of k, which can be compared wit h the data in 
Fig. 3*30. As the initial temperature is increased, so the 
accuracy should increase; this is because the change in k with 
temperature decreases as the temperature increases. In practice 
it was found that at higher temperatures a straight line portion 
of the graph was not obtained, results being similar to Fig.3.25 
for 7 cm. This was because at higher temperatures k is smaller, 
so that penetration is much greater so causing energy to be 
reflected from the base.
The experimentally measured value of k at an average temperature 
of 8 °C (0.94) compares favourably with the literature value of 
k at 8 °G (0.96).
3.4,5* Large cube of absorbant material to simulate semi­
infinite solid
3*4*3*1 Method*
A 1$ solution of lonagar in water was moulded in the form of a 
9cm cube and cooled to a temperature of 4 °0, The cube was 
heated in the oven for 1 minute, after which the temperature 
distribution along a central axis was measured, using therm­
ocouples mounted on a plastic strip (see fig.3*31 a). The 
procedure was repeated using a different block of agar and a 
heating time of 2 minutes,
3*4*3*2, Results,
The results, plotted as a graph of log against depth, are
shown in Fig.3.32 (a). It can be seen from these results that 
even towards the centre of the block, where temperature rises 
are small, an exponential decay in power absorption is not 
obtained* This is because the microwave energy enters through 
all six surfaces. Thus, although 90$ of the energy is absorbed 
by a layer of 4 cm of water, the actual energy at the centre of 
a cube will be six times as great as for a semi-infinite solid*
The effect of this can be calculated, as shown in Table 3*17# 
by summing the power absorption for 1 cm cubes (see fig 3*31 b)* 
This method will only give an approximation to the true 
temperature distributions no account is taken in this calculation 
of changes in the value of lc, as the temperature rises; also the 
energy in a cube in the centre of a large block of material may 
not be additive, because of the presence of standing waves; no 
account is taken of heat transfer effects on the temperature 
distribution.
For the calculation, a surface power density of 1*8 watts/cm2 
was used. This figure was obtained from the graphical integration
of < the data obtained for the 9 cm cube. A value of 1 for k 
is used, equivalent to a temperature of 8 °G. The 9 by 9 array 
in Table 3.17 represents a 1 cm slice from the centre of the 
cube, equidistant from the front and back surfaces. The measured 
temperatures are equivalent to those in column 5? cube 5A 
represents the temperature measurement at a depth of 0.5 cm, 
cube 5B a depth of 1.5 cm etc. The calculated results are 
compared with the experimental values in Fig.3.32 (b). Good 
agreement was found between these two sets of data, considering 
the simplifications in the calculation. Results close to the 
surface are inaccurate for two reasons: no allowance is made 
for surface heat transfer, changes; also a constant value of k 
is used which will lead to errors, particularly at the surface, 
where the greatest temperature rises occur. These errors could 
be eliminated from the calculation using a finite difference 
calculation (see Section 4 )*
Reference to Table 3*17 shows that a 9 cm cube is not large 
enough to simulate the effect of semi-infinite solid absorption 
through each face of the cube. The calculated temperature rise 
at the centre of the cube. (5 F) is 1.6 °G, whereas the rise at 
this point through a single Surface is Q.2 °C, The use of a 
larger cube leads to several practial difficulties: with a
large cube of material, it is necessary to increase the heating 
time to produce a suitable rise in temperature; the top surface 
of a large cube would be subjected to greater variations in the 
energy distributions, and above a certain size it will not fit 
in the oven cavity; as the size of the cube is increased it 
becomes difficult to construct and to obtain a uniform initial 
temperature. For these reasons no further attempts were made 
to simulate the temperature distribution in a semi-infinite 
solid using this technique.
The attenuation of electromagnetic radiation by a lossy 
material follows an exponential decay; the temperature 
profile, in the direction of propagation should also follow 
an exponential decay. Therefor© it should be possible,to 
deduce changes in power level, with depth in a material, by 
measuring the temperature profile. From this it should also 
be possible to measure the absorption co-efficient for the 
material.
To obtain an exponential absorption it is necessary for the 
radiation to be normal to a single surface of the absorbent 
material® Two methods were investigated for achieving this 
conditions one method utilised a cylinder of agar, with all 
but one surface shielded by a metal can; the second method 
used a large block of agar in the shape of a cube.
If the absorption does follow an exponential' decay, a graph of 
log^t against depth should be a straight line. With the first 
method this was only obtained at lower depths in the agar 
cylinder* The non-linearity near the surface,is caused by the v 
fact that the absorption co-efficient is temperature dependant 
and also by heat losses from the surface due to evaporation 
and convection.
It was found that the slope of the straight line portion of the 
graph could be used to calculate a value for the absorption 
co-efficient. For the agar gel at 8 °G (the mean of the 
temperature rise over which the slope was measured) a value of 
0.94 was obtained. This compares with the literature value for 
water at this temperature of 0.96. '
Using a cube of agar, and measuring the temperature profile 
across a single axis, it was not possible to obtain a straight
5.4.4. Discussion of results
line .portion to the graph. In theory a large slab of agar 
should attenuate a very large proportion of energy before it 
reaches the centre of the cube* In practice, with the size of 
cube which could be heated in the oven, the temperature rise 
at the centre of the cube was significant, because of energy 
penetration from all six sides of the cube.
In the case of the temperature profiles measured using the agar 
cylinder with metal shielding it was found that there was 
considerable variations in replicate temperature measurements at 
a single depth in the material. Several possible causes of this 
variability were investigated.
The major, cause of this variability was due to changes in the 
position of the thermocouple between one set of measurements and 
the next. For each set of temperature measurements the position 
of the thermocouples was adjusted by aligning the top therm­
ocouple with the surface of the agar; this can not be done 
precisely. Also the position of the other thermocouples, 
relative to the top one can vary. Reference to Fig,3.27 whows 
that a change of 0.1 cm at a depth of 2 cm can cause a 
temperature difference of l.°C, Other sources of variability 
were investigated: variations in the surface power density;
variations in the depth of the agar; variations in the heating 
time; and the effect of delays between the temination of the 
heating time and the temperature measurement. It was found that 
all of these factors could be controlled, by standardising 
precisely the conditions for replicates.
Because of the high variability, it is necessary to repeat 
measurements a large number of times and to calculate an 
average temperature profile. This technique is used in the 
next Section to measure temperature profiles,for various high 
water content materials under varying conditions.
5.5 TEMPERATURE DISTRIBUTION IN SOLIDS OF HIGH WATER CONTENT
5.5.1. Introduction
The temperature distribution in a solid material, after 
radiation with microwaves normal to one surface, can be 
calculated using the exponential power absorption equation 
(Equation 2.26)and allowing for changes in the value of the 
absorption co-efficient with temperature and for conduction 
and surface heat transfer. A method for performing this 
calculation is given in Section 4* To validate this 
simulation, it is necessary to compare the results of the 
simulation with the actual temperature profiles, measured 
experimentally, in simple food materials after a misrowave 
heating process.
For these measurements solutions or suspensions of a few 
simple food components were used; these were held in the 
form of a solid material by the use of 1$ lonagar as a 
gelling agent. The food components which were used were 
sugar, starch (hydrolisedr.and unhydrolised) and sodium 
chloride. Temperature distributions were measured for semi­
infinite solids (Section 3*5.2) and for slabs of various 
thicknesses (Section 3*5.3).
5.5.2 Semi-infinite solid
3*5*2.1 Method.
A method has previously been described for measuring the
Because of the variability in termperature measurements for
profile in this Section was calculated by averaging the 
results from five separate experiments* For these replicates 
the volume of agar, position of the metal shield and the 
position of the sample in the oven were kept constant*
All results were plotted graphically and the total power 
absorption calculated by integation of the graph,' using a 
planimeter to measure the area.
Power density (watts/om ) a
The toal power absorbed can be calculated from a knowledge of 
the power density, given by equation 3*11, and from the surface 
area through which the microwave energy enters the sample# This 
calculated power absorption is subject to several sources of 
error? the surface power density is not uniform; the 
calculation excludes any energy which penetrates beyond a 
depth of d cm. (the depth of the lowest thermocouple); any 
heat generated which is lost from the surface due to radiation, 
convection and evaporation rill also be excluded.
temperature profile in a solid food material, with microwave 
radiation normal to one surface only - see Section 3*4*2.1.
replicate determinations (see Table 3 .-1 4 ) ,  each temperature
x=sd
For mixtures of water and agar, the specific heats and densities 
were taken as being equal to those of water; the presence of 
1$ solid material will not significantly affect the results. For 
the other materials, literature values were used where available 
(also ignoring the 1$ agar); otherwise these were obtained 
experimentally* Densities were calculated from the volume 
displacement of water by a known weight of the gel. Specific 
heats were measured, using the method of mixtures.
It is not possible to measure the temperature profile immediately 
at the end of the heating process; in practice measurements were 
made after an interval of 30 seconds. Although this delay will 
lead to inaccuracies in both the power absorption estimate and 
in the temperature profile, heat transfer changes can b© built 
into the simulation, as described in Section 4* Thus the 
temperature profile for simulation and experiment can be obtained 
at the same point in time from the end of the heating cycle,
3.5.2.2. Results,
The effect of several processing and compositional variations 
were investigated, and all results are in Tables 3*18 to 3.24.
The results are shown graphically in Section 4 (Figs, 4.12 to 
4.20), where they are compared with the simulated heating 
profiles.
Tables 3.18 and Fig. 4.12 refer to the effect of heating times 
of 30, 60 and 90 seconds, for 300 ml of agar at an initial 
temperature of 5 °C.
Table 3.19 and Fig. 4.13 show the effect of initial temperatures 
of 5,20 and 40 degrees 0, for 300 ml of agar, heated for 60 
seconds. Table 3.20 shows the effect of a delay between the 
end of heating and the measurement of the temperature profile.
Tables 3*21 to 3*24 are results for agar/water/food mixtures. 
The effect of salt at 1$ and 2$, sugar from 10 to 40$ and 10$ 
starch were investigated. All of these results for a semi­
infinite solid are summarised in Table 3*24*
3.5.3. Temperature profiles in ascar slabs.
3.5*3*1 Method.
A method has been described for measuring the temperature 
profile in a solid material, with microwave radiation normal 
to one surface only - Section 3.4®2.1. This method can be 
extended to cover the situation of a solid with microwave 
radiation normal to two surfaces, which form the parallel
For these experiments, agar gel was used as the solid ' 
material? this was moulded in a polythene bottle, to give a 
known depth, d cm. The bottle was fastened inside a metal 
cylinder, so that the surfaces of the agar were equidistant 
from the ends of the cylinder. After the slab had been 
heated in the microwave oven, its temperature distribution was 
measured, using the mounted thermocouples inserted in the agar 
along the axis X - X (Fig. 3*33b).
The area of a graph of A t  against depth gives the power 
absorbed by a rod, of wait cross-sectional area and length d cm. 
This multiplied by the cross-sectional area of the agar cylinder 
gives an estimate of the total power absorption of the agar 
cylinder, subject to the errors discussed in Section 3.5.2.1.
Power absorption occurs through two surfaces? if the surface 
power density is the same at both surfaces, the energy entering 
through each surface is equal to one half of the total power 
absorption. 'Reference to Fig. 3.34 shows one method of 
calculating the power absorption through each surface, when 
these are different. This method of ascribing the total energy 
absorption, to the two surfaces, will be inaccurate, for slabs 
of small depth which have asymmetric energy distribution to the
slab, as indicated in Fig.3.33 (b).
too surfaces. Thus in Fig, 3*34 (e) the area A* is an 
estimate of the area A, which can be used to calculate energy- 
entering through the upper surface. The equality of A * and A 
will be closest when the areas -(b) and (d) are equal. For 
the case when energy distribution is greater at the upper 
surface than at the lower, area (b) will be larger than area 
(d)„ Therefore area A* rill he an underestimate of area A.
The calculation will also be affected by any standing wave 
pattern, produced where there is an overlap of the wavefronts 
from each of the surfaces.
3®5,3*2. Results
The measured temperature profiles for agar gels of varying 
thickness are given in Tables 3*25 to 3*27* As with the semi­
infinite solid temperature profiles these are shown graphically 
in Section 4, where they are compared with simulated heating 
profiles. All of the results for temperature profiles in slabs 
are compared in Table 3*2.7* Two facts emerge from these results. 
There is a definite asymmetry between power absorbed through the 
two surfaces and the distribution between the two surfaces varies 
with the thickness of the slab. Thus for slabs of 12, and 10 cm 
the upper surface has the higher power density, whereas for slabs 
of 8 and 6 cm, the lower surface has the higher power density. 
Also total power absorption decrease as the sample thickness, 
and hence sample volume decreases? this confirms the findings 
of Section 3*3 on the effect of volume on power absorption.
Table 5.1 Determination of the accuracy and precision of the
oven timer
Timer settings (secs) Measured time (secs) Go-efficient of variation
10 10.07 0.5$
20 19.93 0.5$
30 29.10 1.1$
40 39.8 0.8$
50 50.2 0.4$
60 60*3 0.4$
Table 5.2 Temperature rise at nine points. 6 cm apart, in a
A B 0
*1 20.4 (1.0) 15.6 (0.8) 20.2 (1.2)
2 17.2 (0.9) 28.9 (1.0) 16.1 (l.l)
3 16.5 (0.8) 14.3 (0.9) 12.0 (l.l)
Average S.D, (standard deviation) in a single positions 
0.97.
Overall S.D: 4*6 (based on 45 results).
• 4 QOverall average temperature rises 17.6 C 
Table 5.5 Temperature rise at nine points. 2cm anart. in a
layer of aaar-
A B C
1 14.2 (0.9) 14.5 (0.8) 14.0 (0.9)
2 22.0 (0.8) 28.8 (l.O) 22.5 (l.O)
3 18.4 (l.l) 18.2 (1.0^ 16.0 (0,9)
Average of S.D.*s at a single positions 0*95 
Overall S.Ds 4*8.
Overall average temperature rises 18.7 °C
Table 3.4 Temperature rise in a single 100ml aliquot of water
(a) Shelf position 1
A B G D E
1 20.5 26.0 28.5 25.7 22.7
2 20.2 29.7 27.3 27.0 . 20.5
21.0 24.0 34.5 24.2 20.8
4 25.5 24.0 29.0 25.0 25.5
(b) Shelf position 2
A B ■ C ]> E
1 26.8 26.8 27.8 28,3 27.5
2 26.0 26.3 24.0 24.3 24.3
3 23.8 24.8 29.8 23.5 24.8
4 27.0 30.0 30.0 27.0 27.5
(c) Shelf position 3
A B C D E
23.5 17.5 28.0 18.0 23.0
2 27.5 17.5 23.5 17*0 26.5
3 23.0 22.5 28.5 23.0 24.0
4 17,0 18,5 20.5 17.5 17.0
(d) Summary of results
/Overall
Average
Overall
S.D,
Average of S.D.fe 
in a single position
Shelf 1 25.1 3.6 1.1
Shelf 2 26.5 2.2 • 1.0
Shelf 3 21.7 3.8 1,1
117.
rise in twenty 100ml aliquots of water 
in 5 by 4 array
( Shelf position 1
• A B C D E
1 22.0(1*5) 28.7(1.6) 55.7(1,8) 30,7 (1 .7 ) 21.3(1.9)
2 26*0(2.0) 15.7(2.1) 21.0(l.l) 20.0(1 .6) 22.7(1.9)
3 23.7(2.1) 16.0(2.0) 50.0(2,0) 21. 0(2.0) 26.7(2.0)
4 9.7(l.8) 20.3(l.0) 46.3(2.1) 25.7 (1.9) 16.0(1.5)
Average of S.D's in a single positions 1.8
Overall S.Ds 8.2
Overall average temperature rise 22.1 °c
Table 3*6 Temperature rise in six. 10ml aliquots of water in a 
5 by 2 array
A B C
1 43.5(3.1) 41.8(5.9) 40.4(3.7)
2 34.1(3.3) 35.9(4.4) 28.4(2.4)
Average of S.D's in a single positions 3*8 
Overall S.D, s 6*3
oOverall average temperature rises 37*0 C
Table 5*7 Summary of results of temperature measurements
Method Average C,?. ina 
single position
Overall C.V.
1. Agar sheet 6cm spacings 5.5$ 26.1$ .
2. Agar sheet 2cm spacings 5.0$ 25,7$
3. 20 by 100ml, in 4 by 5
array 8.1$ 37.1$
4. Single 100ml sample in
4 by 5 array 4.3$ 14.3$
5. 6 by 10 ml, in 2 by 3
array 10.3$ 17.0$
i
Table 3.8 The effective thermal capacity of a glass.beaker
Mass of beakers 45 g.
2Base area of beaker: 19 cm ,
2Wall area of beakers 85 cm .
2Total surface area of beakers 104 cm *
Volume of water 
ml. 100 90 80 70 60 50 40 30 20
Base area-cm2. 19- 19 19 19 19 19 19 19 19
Wall area in gontact 
with water-cm • 85 77 68 60 51 43 34 26 17
Total beaker area in 
contact with water 104 96 87 79 70 62 53 45 36
Mass of beaker in 
contact with water 45 43 38 34 30 27 23 20 16
grams
Effective thermal
capacity~cals/°0. 9.0 8.3 7.5 6.8 6.0 5.3 4.7 3.4 3.0
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Table 3.9. Effect of heating time on the power absorption 
Increase in temperature in 100ml of water, in a glass beaker.
Time-
secs.
MeasuredA T 
(5 results)
Corrected
AT
Power abs, 
(water + beaker)
Evap. Total Power 
Absorption
S.D,
10 11.1 11,4 521.7 0.8 522.5 7.1
15 16.7 17.0 519.1 1.0 520.1 6.5
-20 22,4 22.8 522.1 1.5 523.6 6.5
;25 28,0 28.4 519.5 2.4 521.9 8.1
30 33.6 34.0 518.8 3.2 522.0 7.8
over­
all 522.0 9.06
Table 3.10 The effect of volume on power absorption
Poorer absorbed - walls
Volume
ml
(l)
Single sample (average of 
(2) 5 measurements) 
' Ps
Multiple 10ml 
(3) samples 
Pm
20 212 400 1.88
30 320 540 1.69
40 390 1 608 1.56
50 410 640 1.53
60 440 708 1.61
70 460 711 1.54
80 485 762 1.57
90 500 761 1.52
100 520 770 1.43
Table 5.11 Power d>aorbed by 60 ml of water
Sample A  T Correcteda t
Power-
watts P evap. P total Area
Watts/
cm
1 x 60ml 15.8 16.1 491 1 x 1,0 492 89 5.5
2 X' 30ml 20.3 20.8 588 2 x 1.3 591 128 4.6
3 x 20ml 22,9 23.6 663 3 x 1.6 668 205 3.3
6 x 10ml 23.2 24.2 735 6 x 1.6 745 276 2.7
Table 5.12 Power absorption by a 50$ sucrose solution
Weight - g Volume - ml weight of water in 
sample - £
Power
Absorbed
watts
20 18 14 300
40 36 28 520
60 55 38 600
80 73 51 680
100 91 70 720
Table 3.15 The energy absorption by 6Og of some simple foodstuffs.
Material
Concentration 
9 /lOO ’g
Pa-watts 
average range
°//o of 
absorption 
by water
Efficiency 
of oven $
Water 100 708 - 100
Sucrose 10 655 646-663 88 27.3
20 654 612-717 88 27.3
40 530 480-570 71 22.1
80 300 220-370 40 12.5
Sodium
chloride
5
10
633
565
617-644
545-593
85
76
26.3
24.6
30 super­
saturated 560 550-568 75 23.3
60 »' 1 390 334-455 52 16.3
Corn starch 
(unhydro 1 iised ) 10 suspension 634 620-680 85 26.4
30 " 593 560-620 80 24.7
50 " 525 490-540 70 19.8
Egg albumin 10 661 632-691 89 27.6
20 627 615-691 84 26.1
50 551 540-586 74 23.0
Corn oil 100 ‘ 110 - 16 5
Table 3.14 Variability in temperature at various depths
(a) Temperature
Depth - cm. At °C Co-efficient of Variation
0 45 18
1 41*5 13
2 34*6 18
3 21,6 19
4 12.1 21
5 5,4 31
6 2,2 33
7 1.0 29
(b) Absorption co-efficient
mean value of ks 0.94.
Co-efficient of variation of ks 10$.
Table 5.15 Experimental data for temperature •profile and data 
for asymptote
Depth-cm
Experimental data Data for asymptote
At (°C) Pa(watts/cm j log0Pa logQPa Pa
0 45 3.15 1.147 3.41 30
1 41.5 2.91 1.068 2,53 12.5
2 34.5 2.45 0.884 1.60 4.9
3 21.6 1.51 0.412 0.74 2.1
4 12.1 0.85 -0.163 -0.163 0.85
5 5.4 0.38 -0.968 -0.968 0.38
6 2a 2 0.15 -1.897 -1.897 0.15
7 1.0 0.07 -2.659 -2.659 0.07
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Table 3.16 Values of k for water, calculated from the 
dielectric properties
k    _  _____
Temp.( °c). Equation 2.27 Equation 2.28
0 1.248 1.238
10 0.934 0.930
20 0,704 0.702
30 0.537 0.536
40 0.417 0.416
50 0.331 0.330
60 0.267 0.268
70 0.223 0,223
80 0.190 0.190
90 0.165 0.165
100 0.146 0,146
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Table 3.18 Effect of heating time on temperature profile of 
semi-infinite solid.
Depth
30 secs.
• -Time 
60 secs. 90 secs.
cm At Range A  t Range At Range
0 33.0 25 - 38 45.0 41 - 50 52.0 48 - 60
1 25.0 21.2-26.1 41.5 35 - 46 54.3 47 - 58
2 15.5 10.7-21.4 34.5 27 - 40 44.3 43 - 51
3 7.8 2.9-10.6 21.6 15.- 25 27.8 25.0-30.6
4 4.0 2.3-6.1 12.1 7.2-14.2 16.1 15.0-18.0
5 2.0 0.6-2.7 5*4 2.8-7.0 8.4 7.5 -9.0
6 1.0 0.3—1.1 2.2 1.0-3.9 3.2 2.5-3.7
7 0.4 0.1-0.5 1.0 0.5-1.3 1.4 0.5-1.3
Materials- 1$ Ionagar.
Initial temperatures- 5 °C
2Power absorbed:- 30 secs, 348 watts (10.9 watts/cm. ) 
60 secs, 343 watts ( 9*8 " 1 )
90 secs, 338 watts ( 9.66 1 " )
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Table 3.19 Effect of initial temperature
Depth Initial temperature - °C
cm 5 20 40
At Range A t Range A  t Range
0 45 41 - 50 38.8 32 - 42 29.3 25 - 36
1 41.5 35 - 46 38.3 32 - 40 33.0 27 - 35
2 34.5 27 - 40 30.6 26 - 34 27.5 24 - 31
3 21.6 15 - 25 17.0 16.0-20.1 20.6 16.8-22.0
4 12.1 7.2 -14.2 10.5 9.7-11.7 13.8 12*0-14.5
5 5.4 2.8-7.0 6.9 6.0 - 7.6 10.9 10*5-11.2
6 2.2 1.0-3.9 4.1 3.2-4.7 8.6 7.0-10.5
7 1.0 0.5-1.3 2.5 1.9-2.7 5.8 4.5-7.0
Materials- 1$ lonagar 
Heating times- 60 seconds*
Power absorbed*:- 5 °0*  ^341 watts (9.7 watts/cm2) 
20 » , 343 " (9*7 " " )
40 » , 338 '» (9.5 " " )
Table 3.20 Effect of delay between heating and temperature
Measurement.
Depth Delay
cm 30 seconds 60 seconds 10 mins.- 40 mins
At At At t
0 38.8 38.0 22.5 16.0
1 38.3 36.9 29.5 23.5
2 30.6 29*6 - 27.5 22.5
3 17.0 20.6 18.5 20.5
4 10.5 10.4 15.0 15.2 '
5 6.9 6.8 11.0;. 10.5
6 4.1 4.0 6.2 5.6
Materials- 1$ lonagar. 
Initial temperatures- 20 °C,
Air temperatures- 20 °C.
Table 5.21 temperature profiles for water/agar/salt mixtures
Depth. Salt concentration $
0 1 2
c m. A t Range A  t Range At Range
0 38.8 CO8CM 45.1 40 - 51 50.7 36 - 55
1 38.3 ro CO ■ i £ o 29.4 21 - 36 26.6 oIoCM
2 30.6 26 - 34 13.6 10 - 15.1 11.3 10.0-15.2
3. 17.0 16.0-20.1 5.8 4.1- 6.8 4.5 3.6-6.3
4 10.5 9.7-11.7 3.7 2.9 - 6.0 2.4 1.1-3.7
5 6.9 6.0n7.6 2.2 1.1 -  3.5 1.3 0.8-2.6
6 4.1 3.2-4.7 1 . 0 0 - 2.1 0.6 0.2-0.8
7 2.5 1.9 -2.7 - •01o - 0
Initial temperatures - 20 °G,
Heating times - 60 seconds.
Values of S and as for water.
Power absorptions - 0 $ - 343 watts
1 $  -  211 M
A 2 $ - 157 "
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Table 3.22 Temperature profiles for water/agar/sugar mixtures
Depth Sugar concentration
0 10 20 30 40
cm At Range At Range At Range A t Range A t Range
0 45.0 35-48 48.0 38-52 52.2 49*53 49.3 47-54 (5 0 48*-56
1 41.5 30-46 40.0 36-42 38.0 31-40 36.3 32-42 38. C) 33-41
2 34.5 22-40 27.0 25-32 25.0 22-27 24.3 20-25 22.5; 17-33
3 21.6 12-25 11.8 6.7-15.2 10.8 8.3-12.5 8.0 —3 s ro l ft . CD 9.7 6-14.5
' 4 12.1 7.2-14.2 6.3 5.6-7.1 5.8 4.7-8.0. 3.8 2.9-5.0. 5.5 4.8-5.8
5 5.4 2.8-7.0 5 .3 :3.7-6.0 4.3 3.1-5.7 2.9 1.8-4.0 3.2 2.2-5.6
6 2.2 1.0-3.9 2.9 1.9-4.9 2.1 0.9-3.4 1.4 0.3-2.8 1.6 LT\•I«O
7 1.0 0.5-1.3 1.5 0.8-1.7 1.1 0.9-1.5 0.8 0-1.4 1 .0 0.2-2.0
Initial temperatures- 5 °C.
Heating times- 30 seconds.
Values of S and ^ from Norrish (1967),
0$ - 344 watts. ( l O . l  watts/cm2)
10$ - 332 11 (9 .5 II II )
20$ - 263 11 (7 .5 II ft }
30$ - 235 ti (6.8 It II }
40$ - 228 it (6.5 It II )
Table 3.23 Temperature profile for water/agar/starch mixture (10$)
Depth Hydrolysed Raw
A  t Range A  t Range
0 34.0 30 - 37 41.6 34 - 46
1 26.0 24 - 31 40.0 35 - 43
2 22.0 18 - 25 29.4 <3-CC\§*+CM
3 12.0 9 - 1 8 18.4 11 - 18
4 7.0 4 - 1 0 9.0 6 - 1 2
5 6.0 00 i ' 6.2 5.1 - 6.8
6 3.0 2.0 - 4.5 2.9 1.9 - 4.1
7 1.2 0.9 - 2.1 1.6 1.0 - 2.2
Starch:- 10$
Initial temperatures- 5 °C.
Heating times- 60 seconds.
Power absorptions- Uncookeds 306 watts (8.7 watts/cm2)
Cooked: 228 " (6.5 M M )
Values of S and (J measured experimentally.
Table 3.24 Temperature profile for semi-infinite solid
Initial 
o
Composition Time
Water-Agar Other Seconds temp
7  7  7/o io /o
0
Power 
density ^ 
watts/cm (
Total Power
absorb.
watts.
99 1 30 5 10.20 348
99 1 - 60 5 9.80 343
99 1 - 90 5 9.66 338
99 1 - 60 5 9.73 343
99 1 - 60 20 9.76 343
99 1
salt
60 40 9.66 338
99 1 0 60 20 9.80 343
98 1 1 60 20 .6.02 211
97 1 2
suscar
60 20 4.48 157
99 1 0 60 5 10. i 344
89 1 10 60 5 9.48 • 332
79 1 20 60 5 7.50 263
69 1 30 60 5 6.73 235
59 1 40
starch
60 5 6.51 228
99 1 . 0 60 5 9.80 343
89 1 10-raw 60 5 8.70 306
89 1 10- co oked 60 5 6.50 228
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Table 5.25 Temperature profiles for agar slabs-iriitial temperature 2Ql0C
Slab thickness - cm.
Depth 12 10 , 8 6
cm At At At At
0 45.0 45.0 33.5 29.5
1 41*5 39.0 26.8 25.7
2 35.5 30.0 26.0 23.3
3 26.3 24.3 19.5 22.7
4 19.0 16.9 17.8 25.7
5 15.3 • 14.5 22.8 28.0
6 13.6 15.5 33.5 32.1
7 13.5 21.0 40.0 -
8 16.3 28.0 45.0
9 22.3 35.0 - -
10 27.0 40.0 - -
11 35.3 - - -
12 42.6 - - —
P,abs. Upper 421 323 245 186
Lower 353 304 304 196
Total 774 627 549 382
Table 3.26 Agar slab at an initial temperature of 5 °C
Depth Slab thickness - cm.
cm 10 8
At At
0 53.0 38.0
1 44.1 33.8
2 32.0 * 26.0
3 20.9 16.0
4 12.3 12.6
5 8.9 15.0
6 10.5 26.0
7 15.6 39.5
8 25.9 45.1
9 38.1 -
10 46.0 -
P,abs. Upper 333 245
Lower 274 284
Total 607 529
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Table 3.27 Temperature profibs for agar slabs
Composition of solids water, 99$* Ionagar, 1$.
Slab
Thickness
cm.
Initial temp# 
Degrees C
Power density-watts/cm2 Total
Upper
P,abs -watts 
Lower TotalUpper Lower
12 20 12.0 10.1 421 353 774
10 20 9.2 8.7 323 304 627
10 5 9.5 7.8 333 274 607
8 20 7.0 8.7 245 284 529
8 5 7.0 8.1 245 284 529
6 20 5.3 5.6 186 196 382
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Fig.3.1 Major components of the microwave oven 
3 • 1 (a ) schemat ic d iagrarr
3.1 (~b)details of waveguide entry ports into the cavity
Jig.5. 2 The oven cavity 
3«2 (a )t op
137
3.2(b)fpont
SCALE: -  1 : 1/4
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Fig.3.3 Temperature distribution using 'Thermooolourr
3.3^‘ position 1
Back of oven
3,4. position 2
. Back of oven
SCALE:- 1 : 1/4
Shaded areas represent hot regions.
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Fig* 3»5 C ooling  curve f o r  lag g ed agar  g e l  
3» 5 (a )rnethoA
3»5(b )coo ling  curve
Time -seconds
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Fig.3*6 Arrangement of thermocouples in 3 by 3 array 
3.6(a)6cm. array
3.6(b)2cm. array
A B C
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Fig*3*7 Array positions for aliquots of water 
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F i g . 3 .8  Ener. y  d i s t r i b u t i o n  pat t e r n  a t  s h e l f  p o s i t i o n  2
3.8(a)silica gel.
Shaded areas represent hot regions.
'< Z Z 2> & < z m
5 < & 2 >
©
< S >
& < 0 < © >
Front3.8 (b Hherroocolour
3 .8(o)agar/egg white (1 litre)
F ro n t
V
M
3.9(a) 1/2 litre
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F i g . 5 .9  E f f e c t  o f  t h e  volume o f  egg w h i t e / a g a r  g e l .  >
.9(h) 1 litre
144
Shaded areas represent hot regions.
F i g . 3♦10 E f f e c t  o f  s h e l f  p o s i t i o n  -  ’th e r m o c o lo u r 1
5 .1 0 ( a )  she I f  po's i t  io n  1
Front
3.10(h)shelf position 2
3.10(c)shelf position 3
1 r e n t
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F i g . 3.11 E f f e c t  o f  s h e l f  p o s i t i o n  -  s i l i c a  g e l
3 . 1 l ( a ) s h e l f  p o s i t i o n  1
3»11(b)shelf position 2
Q D  < Z 2 >
C 2 >
A
T  a  c 3 ^  0
0
< D .
F r o n t
3.1l(c)shelf position 3
F ro n t
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Fig®3?12 E f f e c t  of s h e l f  p o s i t i o n  -  e g g  w h i t e / a g a r  g e l
3 . 1 2 ( a ) s h e l f  p o s i t i o n  1
Shaded areas represent hot regions
g.I2(b)shelf position 2
3.12(c)shelf position 3
F ro n t
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F i g . 5 .15  C o o l in g  c u rv e s  f o r  volumes o f  w a te r  c o n ta in e d  i n  100ml b e a k e r s
Ambient temperature:20 °C
Time ~ minutes
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F ig g .1 4  Power l o s s  caused  by e v a p o r a t io n  o f  w a te r  from 100ml g l a s s  b e a k e r
■4 I—' fr)
0 Qcf* CQ Sj
c-H CO CDW 41
ambient temperature:20 °C
Oo
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F i g . ? . 1 $  Power a b s o r p t i o n  by  w a te r  and c o rn  o i l
•M P h i
P eft Qch ’0) *c+ o (U
01 H 4
►tftct-
H-
O
P
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F i g . 3 .16  Power a b so rb e d  by  30$ s u c ro s e  s o l u t i o n  v . volume of  s o l u t i o n
Power
absorption — 
watts
Volume of solution ** ml -o- water 30$ sucrose
20 4 0 §0 I 0 0
Weight of water ~ grams
•wat e r  
30$  s u c r o s e
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Fig. 3* 18 Power absorption by 60 grams of egg albumin 
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Fig.3*19 Power absorption for sucrose solutions
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F i g . 3 .20  Power a b s o r p t i o n  f o r  60 grams of  s a l t  s o l u t i o n
Power 
absorption
watts
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600
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Fig.5.21 Power absorption for 60 grams of starch paste
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Fig. 3* 22 Attennation of power from an electromagnetic wave
with radiation normal to the surface of the propagating 
medium.
o X  x  + Ax.
p p 
X (x-+Ax)
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F i g . 5*25 Measurement o f  t h e  a b s o r p t io n  c o e f f i c i e n t
(a)semi-infinite solid
°o
t
O
(b )met a 1 sh ie Id ing;
(d)arrangement of thermocouples
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F ig .5 » 2 4  F f f e c t  o f  oven s h e l f  h e ig h t  on. t e m p e ra tu re  v a r i a t i o n
26 cm
_
h e i g h t
-26 cm
K 16  cm
"^7 cm~^
 +1• i' i
-a A i_1 • L_
L""'
coupling
ports
“sample 
"'oven tray
Td. « t e m p e ra tu re  a t  any  p o in t  — t e m p e r a tu r e  a t  c o ld e s t  p o in t
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Fig.3»25 E f f e c t  o f  d e p th  o f  a g a r  on t h e  t e m p e ra tu re  d i s t r i b u t i o n
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Fig.5*26 Effect of delay between the end of the heating cycle 
and the temperature measurement
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Fig.3.27 Typical temperature profile in agar gel 
' ~  Initial temperature: 5 0
Heating time: 60 seconds
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Fig.3*29 Calculation of the total power absorption
For the experimental data and for the asymptote 
to the experimental curve.
watts/crn^
Area ( cm )
Power density 
( watts/cm )
Total power 
(watts )
Depth ~ cm 
Experimental data
2.55
10.2
357.0 *
Asyrnpt ot e
8.44
34.0
1190*0
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F i g . 3 . 3 1  T e m p e ra tu r e  d i s t r i b u t i o n  i n  a  9 om cube  
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F i g .  3.32 ( a ) Tempe'ra t  u re  d i s t r i b u t i o n  in  a 9 cm cube o f  a g a r
Fig.3»5 2(b)Comparison of experimental and calculated temperature * 
distribution
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Fig.3»33 Temperature profiles for agar slabs 
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4 SIMULATION OF THE TEMPERATURE PROFILE IN HIGH WATER CONTENT 
SOLIDS
4. 1 INTRODUCTION.
The rate of temperature rise, at a depth of x cm in a semi­
infinite solid, with microwave radiation normal to the surface, 
is given by an equation of the forms
dt s C.exp(-k.x) .................   (4* l)
d T
where 0 = ( 1 - e ). Po
J .S .
(The derivation of these equations is given in Section 5.4*1, 
equation 3.9) The absorption co-efficient k, describes the 
attenuation of energy in the direction, of propagation of the 
radiation. As shown in Section 3.1 this varies with temperature, 
because of the temperature dependence of Ks, Tr and K"ionic 
(discussed in Section 2.3.2).
Therefore, where appreciable temperature rises occur, equation
4.1 becomes complex and difficult to integrate. Also, the 
temperature rise at any point will be modified because of heat 
transfer processes. Finite difference methods are commonly 
used for solving transient heat transfer problems (Gebhart, 197l) 
this technique can be modified to incorporate internal heat 
generation caused by the absorption of microwave energy.
The finite difference method of calculating internal heat 
generation in a semi-infinite solid is described in Section 
4.2j this is restricted to the case of a solid material, with 
the same dielectric properties as water. The simulation is
extended to the case of an infinite slab in Section 4.3* In 
the following section, a finite difference method for 
calculating the effect of conduction and convection heat 
transfer is described and this is incorporated in the 
simulation. The application of this technique to foodstuffs 
is descussed in Section 4.5. Results from the simulation 
are compared with the experimental data of Section 3 in 
Section 4*6 and in the last section use of the simulation in 
a predictive mode is described.
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4*2 SEMI-INFINITE SOLID WITH MICROWAVE RADIATION NORMAL TO 
SURFACE
4#2#1# Finite difference method
A semi-infinite solid has a single plane surface, extending to 
infinity in all other directions# For the purposes of this 
simulation it is assumed that the microwave radiation is normal 
to the plane surface, as shown in Fig#4,1# The incident 
radiation has a power density of Po watts/cra « The slab is 
divided into a number of thin slabs, each of thickness A x  cm, 
identified by the suffix n. The heating period is divided 
into a number of incremental time intervals, of duration A T  
seconds and identified by the suffix p. Thus . A t n p refers 
to the rise in temperature at the n th slab and at the p th 
time interval# This temperature rise can be calculated from 
a knowledge of the difference in the power levels at the faces 
of the slab#
where Pnm ( is the power density at the front face of the
incremental slab and P^ is the power density at the far face# 
The relationship between these two power levels is given by 
equation 2#25, whioh can be incorporated in 4#2 givings
At =  P 
n p n-l
« ® « « e (4.3)
From this equation the temperature rise in the first time
period can be calculated (P = P ) for each incrementaln-i o
slab, starting with the first and using the calculated value
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of Pn as the value of Pn_^  for the subsequent slab. Values 
of k can be selected for the material which is being simulated 
at its initial temperature.
This can be repeated for a number of time intervals until the 
value of (p. ) is equal to the total heating time for the
simulation. For any incremental slab# the total temperature 
rise can be calculated from the summation of the incremental 
temperature risess
p=m
A t  — 7  .A t  s .e .a e  ( 4* 4')n np
where m is the number of time intervals. In practice the 
values of temperature rise are summed after each time 
increment, so that a value of lc can be chosen for the 
subsequent time interval at the appropriate temperature.
The accuracy of a finite difference method depends on using 
small values for the depth and time increments (with unsteady 
state heat transfer the ratio of increments is also important 
- see Section 4.4)* For this reason a computer was used for 
the solution of the temperature profile simulation.
The simulation was performed on the computer of the University 
of Surrey Computing Unit. The programs discussed in this 
section were written in Algol 60# programs and data prepared 
on punched cards and output was taken from the line printer. 
The symbols used in the program are described in appendix III.
V
4*2 .2  Se le c t io n of  a s u i t ab le  value fo r  k
For a food material whose dielectric properties are known 
over a wide range of temperatures, a graph of k against 
temperature can be prepared, using eqation 2#27? this is done 
for water in Fig. 3#30. This information can then be included 
in the program, either in the fon of.a regression equation, 
or as a set of data, each component of the set referring to a 
known temperature range. An alternative approach is to 
calculate the dielectric properties for the material, using 
equations 2.13 and 2.15 from which.k can be calculated, using 
equation 2.27* To facilitate comparison of these techniques, 
and to allow flexibility of the program for materials of vary­
ing dielectric properties, a'Procedure' was used for the 
calculation of k, identified by the name 'SELECT K*.
4.2.2.1 Array of values of lc*
From the data in Fig 3.30, values of lc for water, at two degree 
intervals, were prepared and these were stored in the computer 
in the form of a 50 element array, each location being identified 
by a number from 1 to 50. When calculating the value of At np,
a temperature of (initial temp + t ) is used#
This corresponds to the temperature, at the same location in the 
solid, at the end of the previous heating period# This is stored 
in an array from 1 to N, where N is the total number of 
incremental slabs. Thus, for the n th slab the temperature is 
stored in location Temp (n). The procedure used for selecting 
a value of k, appropriate to this temperature, is given in 
Appendix IV (l).
4# 2.2.2 Calculation of lc from Tr and Ks
For some materials, suoh as water, values of Ks, Tr and Ko are 
known over a wide range of temperatures# From these IC' and
and can 2)0 ca'l°ula'fced-» materials of low conductivity,
K" .,. is the seme as IC" , , ? therefor© k can be c&culateddip total
from K1 and K11^  using either equation 2*27, or equation 2,28. 
These are rewritten in the form of lc below*
x
i M . P  [(I +  tar. I  T  -  I
. L 2 ..........  (4.5)
k = 2 -TT. K.....................................................„ ........................  (4 .6 )
Xo/k'
4.5 is the accurate form of the equation, the simplified form 
being suitable for materials for which tan £ ^  2»
The relationship between temperature and Ks is discussed in 
Section 2*3*2* Ks was ca3.culated using the first two terms of 
equation 2*15 and taking Ks at o degrees C as 87*7? calculated 
values are compared with the literature values in Fig.4*2* The
simplified equations
Ks. = Ks - (o.4 x t)     (4.7)t o v J
was considered to be sufficiently accurate for the simulation,
Saxton (1952) demonstrated that, over the temperature range 0 to 
50 °G. the ratio of viscosity and Tr is constant. Since the 
relationship between viscosity and temperature is exponential, 
it follows that Tr will also have an exponential relationship 
with temperature. Values of Tr for water were obtained from 
the data of Lane and Saxton (1952a) and Von Hippel (1954)? the
best fit to this date was given by the expressions
(see fig. 4.3) Ko is independant of temperature and Hasted 
(l96l) gives it a value of 5.5.
Ko# Ks and Tr can then he used to calculate K* and K",. # whichdip
can in turn he used to calculate the value of k at any temperature 
between 0 and 100 °C. A procedure for calculating k by this 
technique is given in Appendix IV(2).
4.2.3. Numbering of incremental 3labs
A numbering system is required for the array which is to store 
the temperature# at a point in time# for each element of the 
solid. The temperature rise in an incremental slab# using 
equation 4.3»is an estimate of the overall temperature rise in 
that slab. If this is taken to -represent the centre point of 
the slab# it will represent a temperature at a point (n + 4~ ).
A x  cm from the surface of the slab. 5
For the simulation# a large number of incremental slabs# of 
small thickness# are used. The result of the simulation are 
not required for all of these slabs % the program is designed 
to select integer depth values to present as the output. With 
the numbering system in Fig, 4.1 it is not possible to select 
exact integer values. An alternative numbering system is shown 
in Fig. 4A's with this system the centre of the incremental 
slab is sited at a depth (n.Ax)# so that# in this case, exact 
integer values can be chosen. The calculation of power 
absorption is still the same as for the numbering system given 
previously# except in the case of the first slab. This will 
have a thickness of Ax/2# so that the temperature will represent
a depth of Ax/4., This temperature is used as an estimate of 
the surface temperature.
When comparing the results of the simulation with practically 
measured temperature profiles, and with the addition of surface 
heat transfer processes, it is, necessary to provide a far 
surface. This surface slab will also have a thickness of 
A x / 2 ,  s o  that the toal depth of the slab will be equal tos
A  -I- (Ax.n-l) + A  x a n.Ax,
’ 2" 2
But, in this case n + 1 storage locations are required, because 
of the two slabs of half thickness*. If n is equal to the depth 
of the slab divided by the thickness of a single increment, then 
an array of n + 1 elements is required to store the temperatures - 
TEMP (OsM), where TEMP(0)refers to the front surface temperature 
and TEMP(N)stores the temperature at the rear face.
An example of a program used to calculate the temperature 
profile in a solid, with microwave radiation from one side only, 
is given in Appendix IV(3),
4.3 INFINITE SLAB WITH MICROWAVE RADIATION NORMAL TO BOTH FACES
For the simulation, it is assumed that the radiation is normal to 
the surfaces. Interference effects between the two wave-fronts 
are not considered and the heating effects of the two waves are 
taken as being additive. The program used for this simulation 
is essentially the same as that for the infinite solid, except 
that in this case a store is required to add power absorption, 
for each of the waves. Thus the power absorption is calculated 
for the wave incident to the upper surface (Pu) and this is 
stored in an array - POWER (0:fi). Tiis operation is repeated 
for the lower incident wave (Pi) and the power absorption is 
added into that already calculated for the upper wave* The 
combined power absorption is then used to calculate the 
temperature rise in each slab* After each time increment, the 
temperature rise is stored into the appropriate location in the 
array TEMP (OsN) and the Power array is zeroed.
The complete program for producing the simulation is given in 
Appendix IV(4). The program reads in a set of data (density, 
initial food temperature, specific heat, depth of slab, depth 
increment Ax, heating time, time increment A T  , and the 
surface power density Pu and Pi). After completing the sequence 
of calculations, it prints out a set of tabulated results 
together with a list of the input data. A flow diagram of the 
program is given in Fig. 4.4. If Fu or PI is zero, the' 
simulation simplifies to that for a semi-infinite solid.
4,4. HEAT TRANSFER
Many finite difference methods are available for calculating one, 
two and three dimensional unsteady state heat transfer (Gebhart, 
1 9 7 l ) I n  the case of semi-infinite solids and infinite slabs, 
heat transfer is restricted to a single dimension,
A finite difference method is available for calculating temperature 
changes, allowing for internal heat generation, which could be 
caused by the absorption of microwave energy. However since a 
program for calculating this internal heat generation had 
already been prepared and tested, the finite difference hea/fc 
transfer calculation was used as a correction to this existing 
program.
4.4.1 Finite difference methods for calculating heat transfer
The slab is divided up into incremental slabs as in the previous 
section - see Fig. 4.5. Fig 4.6 1 shows Uab Vocal to*
changes.
•£\yr c*,v> iw &Uvb>.
Heat flow in - heat flow out a change in enthalpy
Ke.t/ _ \ -t - ICc.t -t/(m-Do mp mu (m+1 jp \ nun-fl; mo
Y ( p + l )  “  V&P ( 4 . 9 )
( , the thermal diffusivitj/, is equal to ICo/S.^  )
Equation 4.9 can be used to calculate the change in temperature 
in the m th slab# at the (p+l)th time internal. For a conver­
gent solution, the ratio of Ax^/fc.AT must not be less than 2 
(Gebhart, 1971b). Equation 4.9 can be further simplified by 
chosing an integer value for this ratio. (This ratio is the 
reciprical of the Fourrier No). For example, if this is set at 
its minimum value for a convergent solution of 2, equation 4.9 
becomes %
\i(p+l) “ ^(m-l)p * ^(m+l)p (4.10)
2
Thus the temperature for the m th slab at a time interval of 
p+1 can be calculated from a knowledge of the temperature of the 
two adjacent slabs at the previous time interval.
If the ratio(l/FO) is made equal to 4, a more complex solution 
is obtained:
^(p+l) “ t(m-l)p + 2,tmp t(m+l)p..........  (4.10)
4
The disadvantage with these simplified solutions is that the 
thermal conductivity is fixed, whereas in practice it is itself 
a function of temperature. For materials whose thermal 
conductivity is known over a wide range of temperatures, 
equation 4.9.will give the most accurate solution. This data is 
not available for most food materials? also the amount of 
thermal conduction which occurs during a 60 second heating 
period is small, (it does however become important where a 
long delay time is used, or where thick objects are heated 
(Ohlsson and Bengtsson, 197l)» The Fourrier No, FO, is equal 
to AT, go )
Ax*, p S
I oc<xHq v) 0+ 12> Sk©to*i tV\ ^ (£•, Jj. ’ An
overall surface heat transfer co-efficiot is used? this
includes convective and radiative heat transfer changes
Heat gained from surroundings + heat gained from adjacent slab » 
increase in enthalpy*
h. (t„ -t ) + Kc (t, -t ) ss s. P . A* (t / -t )f op lp op -- £ ~ 2 —  ©VP+i/ op7
Ax.h (t_ -t ) + t. -t ' = 1 (t / -• \ -t ) «... (4.11)f op/ lp op — o o(p+lj op
Equation 4 .11 is equivalent to 4,9 for the internal slab* If 
h,Kc, A%, A~T» 5  9  ^ » t^ , t ^  and are known, 4*11 can be used
to calculate ^0(p^() i±-e surface temperature after the first time 
increment*
o(p+l) ~ Ax»h (*^4? "'t ) + t-,„ •»«..•»..*«. (4.12)
Kc
The most accurate method of simulating heat transfer changes is 
to calculate Kc for each slab at each time interval and to use 
this to calculate a value for FO. This method was used by 
Manson et al (1970) for calculating the thermal history of 
materials heated in a rectangular container, and also by Ohlsson 
and Bengtsson (1972) for producing temperature profiles of foods 
heated in a microwave oven.
For the simulation described in this section, the effect of
conductivity is less than that of internal heat generation.
Typically, practical measurements of temperature profiles were
made 90 seconds after the commencement of the heating cycle,
during which time heat transfer effects will be small except at
the surface of the solid. The value of the thermal conductivity
of water changes from 1*488 x 10""^  cals/sec. cm. °0 at 10 °C to 
—3 o1.629 x 10 at 100 G. Therefore if a value at an intermediate 
temperature is used the error will be of the order of 5$. For
most food materials, values of the thermal conductivity are not 
known to this degree of accuracy* It was therefore considered 
that a simulation using a fixed value of Kc would "be suitable.
This limitation must be considered if the simulation is used in 
a situation where there is a long heating time, where there is a 
large delay between the end of the heating time and the measure­
ment of temperature and where thick slabs are being heated (which 
rely on conduction for their internal heating).
4.4.2 Choice of values for thermal properties
Accurate values for the thermal conductivity of water are available 
(Gebhart, 1971)• These were used for the simulation of the heating 
effect in 1$ agar gels. Surface heat transfer co-efficients are 
known for a limited number of food materials, or they can be 
calculated from formulae (Earle, 1966). Because of the unreliability 
of these results surface heat transfer co-efficients were measured 
practically using the simulation discussed above, but in the 
absence of any microwave heating*
Internal heat transfers
For the simulation, the dimensionless constant FO must have a 
value of ■§■» this means that depth and time increments can not be 
chosen at random.
FO a A T . Kc
A%2, p. 9
Therefore if FO '2
AT
A x 1
P. S
Kc. 2.
2
Using a value of Kc for water at 50 °0, the ratio of IT / Ax is 
2338 seconds/cm . I f  th e  value of Ax  i s  f ix e d  by the  dimensions
of th e  increm ental -slab , th en  the value of jA T  i s  a lso  f ix e d .
If A  x = 1 cm, then AT 338 seconds
» " 0.1 ” ” " b 3.4 "
H n 0.01 " « » B 0.034 "
For the simulation values of 0.1 cm for Asc and 3.4 seconds for 
A T  were used. A more accurate simulation could bo obtained 
using 0.01 cm but this requires excessive store locations.
To obtain values for h measurements were made on agar gel 
cylinders > of the same proportions as were used for the microwave 
heating experiments (see Section 3*5). A known constant initial 
agar temperature was used and the a^ar'~ placed in a constant 
temperature incubator. Temperature were measured at 1 cm 
intervals in the slab using themocouples. Since the heat transfer 
simulation is valid only for single dimension heat transfer, it 
was necessary to lag the walls of the cylinder to minimise any 
heat transfer through these walls.
Results of measurements are shown in Fig. 4.6; this shows the 
temperature profile in the agar after 30 mins. The upper curve 
shows the rate of cooling, from an initial agar temperature of 
40 °C and an air temperature of 20 °G. The lower curve relates 
to the heating of a block of agar from an initial temperature 
of 20 °C, after 30 minutes in a constant temperature cabinet at
40 °c.
The computer program used in the simulation is given in Appendix 
rv(5). Different values are used for the surface heat transfer 
co-efficient at the upper and lower surfaces and for when the 
surface was heating and cooling. These are identified ass
h ’tsa - Upper surface, surface hotter than air,
hfcas - Upper surface, air hotter than surface,
h, - Lower surface, surface hotter than air,bsa
Lower su rfa c e , a i r  h o t te r  than  su rfa c e .as
The program incorporates equations 4*9 and 4.12s equation 
4.12 is used for the two surface incremental slabs and 4.9 for 
the internal incremental slabs. Starting at a time increment 
of zero, the program calculates the temperature at the first 
slab (o), after one time internal and repeats this for all of 
the slabs up to the depth of the complete slab. The whole 
operation is then repeated for the second time increment and for 
subsequent increments, until the sum of all of the time 
increments is equal to the total process time.
Two stores are required for storing temperature valuesi TEMP 1
(Os n) for t and TEMP 2 (Os n) for t / t . \  After each time np nvp+JJ.
increment TEMP 1 (0: n) is made equal to TEMP 2 (0: n).
Using a trial and error method, values of the four heat transfer 
co-efficients were adjusted to give the 'best fit* to the 
experimental data. This is shown in Fig 4.8 for which values 
of surface heat transfer co-efficients were as follows
2.7 x 10 ”*4 cals/sec.cm2. °C
7.0 " »
1.0 x 10 9 
5. 3  x 10“4 »
4.4*3 Complete simulation for water, with microwave heating and 
heat transfer
The two simulations, for microwave heating alone (Appendix IV4) 
and for heat transfer alone (Appendix IV5), can be readily combined 
to give a simulation of the full heat transfer mechanisms involved 
in the microwave heating of a semi-infinite solid and an infinite 
slab. A simplified flow diagram of the complete simulation is 
given in Fig 4,9; the complete prograxm, including the procedure 
used for printing out results, is given in Appendix IV (6). A 
typical result printout is shown in Appendix IV (7). The results
Ktas =
kfcaa = 
h,oas ss 
^bsa  s=
obtained from the simulation are compared with the measured 
temperature profiles of Section 3 in Section 4*6*
The 'equilibration time', referred to in Fig 4*9, is a simulation 
of the time delay between the end of the heating process and the 
measurement of temperature.
4.5 SIMULATION FOR MATERIALS OTHER THAN WATER 
4.5.1. Methodology
The simulation given in Section 4.1 to 4.4 enables the production 
of the temperature profile in a slab of solid material, with the 
same physical and dielectric properties as water. For materials 
other than water, the procedure 'Select K* can be modified to 
give a value of k for any material whose dielectric properties 
are known.
As in the case of water (Section 4.2.2.) there are several possible 
approaches to the selection of a value of lc at any temperature. 
Using the method of De Loor, discussed in Section 23, it is 
possible to calculate the effect of non-polar solids on the 
dielectric properties of water; these modified dielectric 
properties can then be used to calculate K', IC" and k.
There are many cases were this approach leads to erroneous 
results; in Section 2.3.5 it was shown that it was not possible 
to predict the dielectric properties of skim milk from a know­
ledge of the dielectric properties of its ingredients* Also 
these methods do not give any information on the effect of temp­
erature on these calculated dielectric properties.
An alternative approach is available for those materials whose 
dielectric properties are well documented, over a wide temp­
erature range. For these material?, a regression equation, of 
k as a function of temperature, can be used as the basis of the 
procedure 'Select K'. Ohlsson and Bengtsson (l97l) used this 
approach for calculating the temperature profile in meat products, 
after a microwave heating process. Using a linear extrapolation 
of IC and IC" at 20, 40 and 60 °C, the value of lc was calculated, 
this was used in finite difference computer program which produced 
a temperature profile.
These two alternative approaches to the preparation of the 
temperature profile in a food material, are discussed in 
Section 4*5*2 and 4*5*3*
4*5*2 calculation of the dielectric -properties of a mixture 
4*5*2. 1 Non-polar solids and waters
Equation 2.18 can he used to calculate the static dielectric 
constant for a mixture of water and a. non-polar solvent. As 
an example, for a 20$ sucrose solution, the volume concentration 
is 0.12, which, assuming that the particles are spherical, gives 
a value of Ks for the mixture ofs
Ks B 0.83 x Ks , + 0.83    (4*13 )water
Equation 4*13 can easily he added to the procedure 'Select K* 
given in Appendix VI (2); it is necessary to assume that the 
relationship between temperature and Ks^ate>1. . * is not affected 
by the presence of the solid# Equation 4*13 is added to the 
program after the calculation of Ks at the temperature approp­
riate to the slab location.
The only other modification to the program is to use the physical 
properties for the sugar solution; for the sugar solutions these 
can be obtained from tables (Norrish, 1967).
Equation 2.17 can also be used to calculate Ks for a water, solid 
mixture, in which a proportion of the water is irrotationally 
bound to the solid. .Table 2.7 gives the amount of bound water 
associated with some food materials. For a 10$ solution of a 
sd&d in water, the volume concentration v is 0.6 s if lg of water 
is bound to each gram of solid, v will have a value of 0.12, the 
same as for a 20$ solution with no bound water# Thus an equation 
of the same type as 4.T3 should be suitable for the case of non-
p o la r  s o lid  w ith  bound water*
4o5.2*2 Aqueous sodium chloride solutions:
Salt has a profound effect on the dielectric properties of watei-. 
This was discussed in Section 2.3.4* It decreases the value of •’ 
the static dielectric constant, causes a shift in the value of 
the relaxation time and increase the value of K" total because 
of ionic conductivity*
The effect on Ks is given by equation 2*20* For a 1$ solution 
of sodium chloride, this reduces to the form:
Ks =s ICs, water - 1*87      (4*14)
and can be added to the procedure 'Select IC, as described in the 
previous section.
Ionic conductivity can be converted to K+ onqc> using equation
2*18? Table 2.4 shows, that for a 1$ sodium chloride solution,
Kn. . has a value of 11.5. This can be added to the calculated ionic
value of K"^p0qe give the value of Since ionic
conductivity is a function of temperature it is necessary to 
have an equation expressing this temperature dependance.
Equation 2.20 gives this relationship, interns of the temperature 
co-efficient of resistivity? this can be rearranged to give:
K". . = 720ionic
[63 - 0.819 (t-20)J ........... (4.15)
The relationship between salt content and relaxation time is 
shown in Fig.2.1. For a 1$ salt solution (0.17N) . bhis is
not significantly different than the value for water, except at 
lower temperatures. For the purposes of the simulation, it was 
assumed that Tr for a 1$ salt solution was the same as that for 
water.
4*5«2*3 Comparison of calculated values of dielectric properties 
of food with measured values.Fig*4*10 shows the theorectical 
effect of mixtures of water with a non-polar solid; the three 
lines on the graph show the effect of water content on K*, for 
solids with 0,0.5 and 1.0 g/g of bound water. Also on the 
graph are shown the value of IC* for some foodstuffs of known 
water content. The majority of foods were found to fall within 
the tree curves on the graph, indicating that equation 2.17 
does provide a reasonable model for the behaviour of foods*
Fig. 4.11 shows the same results for calculated and experimental 
values of IC". The calculated value of K" is due to dipole 
relaxation only; it does not include an estimate of IC" ionic.
It can be seen from the graph that ionic conductivity is a 
large contributor to the value of IC" total, the experimentally 
measured values.
Unfortunately little information is available on the ionic 
conductivity of food materials (some information is given in 
Table 2.8), , Some of the data given by Bengtsson and Risman 
(l97l) is for meat products with high, known salt contents.
The ionic conductivity can he calculated for this salt, which 
can then be used to calculate K" ionics this very approximate 
method of calculating the dielect lie properties for materials of 
high salt content is compared with the experimentally measured 
values of Bengtsson and Risman in Table 4.1.
Column 3 gives the conductivity of a pure aqueous salt solution. 
This is corrected for the presence of other solid material, as 
discussed in Section 2,33* which causes a reduction in the value 
of the ionic conductivity,Column 4 shows this correction, 
assuming that there is no bound water whilst column 5 gives the 
corrected value, assuming 1g/g of bound water. This is then 
converted to relative permittivity (columns 6 and 7) and added 
to the calculated K" dipole (shown in columns 8 and 9) to give 
the total value of IC", shown in columns 10 and 11. For
comparison, the experimental value of K" for the meat product 
is given in column 12*
Schwann (1955) gives a range of 0.2 to 0.5 for the amount of 
hound water found in protein. In the case of meats with 3*1 
and 6. 1$ salt, the range of the calculated values does 
encompass the -experimental value. In the case of the meat 
with no sodium chloride it would appear that the naturally 
occurring meat salts do contribute to the value of K" total, as 
shown by the higher results obtained experimentally compared 
with the value calculated on the basis of dipole relaxation 
alone.
4.5.3 Use of literature va.lues of K* and IC" of foods to calculate k
If values of K* and K" are known for a food material, over a
wide range of temperatures, it is possible to calculate k 
directly from these values* The calculated value of k can then be
used in the procedure 'Select IC', either in the foim of a
regression equation, or as a set of temperature related data in 
a procedure of the form discussed in Section 4.2.2.1.
The only difficulty which arises in using this technique is that 
the required information on dielectric properties over a wide 
range of temperatures. The most comprehensive source of data is 
given by Bengtsson and Rismafr (l97l)» This survey includes many 
food materials, but only over the range of 0 to 60 °Cs 
extrapolation of this data to temperatures over 60 °C could lead 
to significant errors. Fig. 3»30 shows that for water the rate 
of change of k with temperature decreases with temperature, so 
that a linear extrapolation of data over© 60°C would give 
erroneous values. This method should however give good results 
for temperature rises up to this temperature. This method was 
used for some meat products, and the temperature profile compared 
with the experimentally measured profile of Ohlsson and Bengtson
(1971).
4.6 RESULTS OF THE SIMULATION
Figures 4.12 to 4*16 give a comparison of temperature profiles 
measured on agar gels with simulated profiles utilising the 
dieleotrio properties of water, using the methods described in 
Sections 4*2.,4*3 and 4*4* Results of the simulation are given 
in Tables 4*2 to 4*8* Fig. 4*12 illustrates the effect of using 
three different heating times while Fig. 4*13 shows the effect 
of the initial temperature of the solid. The effect of a delay 
between the end of the heating time and the time at which the 
temperature is measured is shown in 4.14. Results for agar slabs 
with microwave radiation incident to two faces, are shown in 
Figs. 4.15 and 4*16
Figs 4*17 to 4*21 show the results of simulations on food 
materials. Fig. 4.17 shows simulated and experimental results for 
solids containing 1$ salt; the simulation uses the methods 
discussed in Section 4.5.2. In Fig. 4-18* a comparison is made 
between simulations for a mixture of 90$ water and 10$ non-polar 
sdLd, with experimental results on a 10$ sucrose solution. The 
effect of bound water associated with a non-polar
solid is illustrated in Fig. 4.19 and these results are compared 
with profiles for raw and cooked corn starch in Fig. 4.20,
All of the results given above use values of Ks, Ko and Tp to
calculate IC1 and IC", which are then used to calculate k; for 
the example given in Fig. 4.21, values of K* and IC" for beef,
over a range of temperatures, are used to calculate k.
Literature values of the dielectric properties for beef were 
taken from the work of Bengtsson and Risman (l97l) and the
4 .6 ,1  A comparison of th e  sim ulated  tem perature p ro f i le s  w ith
computed temperature profile is compared with experimental 
values on beef (Ohlsson and Bengtsson, 197l)»
4.6.2 The use of the simulation to predict temperature distributions
The results given above can be used to define the conditions for 
which the simulation of the temperature profile is valid. The 
simulation was also used in a predictive modes one of the main 
advantages of a computer simulation is that, once it has been 
validated, it can be quickly and easily used to investigate the 
effect of differing processing conditions. In fig. 4*22 the 
effect on the temperature profile of a range of air temperatures 
from +20 to +200 °C is illustrated and in Fig, 4*23 a comparison 
of the two common microxfave frequencies is shoxra.
4 .7  COMPARISON OP SIMULATED. AND EXPERIMENTAL TEMPERATURE PROFILES
Temperature profiles, measured experimentally on agar gels, are 
compared with profiles produced by the simulation in Figs 4.12 
to 4.16. For the simulations k was calculated from the dielectric 
properties of water, as described in Section 4*2.2.2* There are 
limitations in both sets of data which must be taken into account 
in any comparison. Errors associated with experimental results 
include s
1# high variability in temperature measurements;
2* the presence of metal shielding could affect the 
field pattern;
3» variations in the surface power density;
4. there is no way of ensuring that microwave 
radiation is normal to the surface.
Similarly the accuracy of the simulation is affected by the 
following factorss
1. the surface heat transfer co-efficient was obtained 
experimentally over a temperature range of 20 to 40 °C 
and has not been validated outside this range;
2* a temperature indpendant value for the thermal 
conductivity was used.
3 f the effect of any standing wave interference effects in 
slabs of material were ignored.
Despite these limitations in both the experimental and simulated 
results reasonable agreement between the two sets of data was 
achieved.
Fig. 4.12 illustrates the effect of varying the heating time 
on the temperature profile. There was good agreement between 
the two sets of results except close to the surface. For the 
two longer heating times the measured surface temperature was 
lower than the predicted value. Since this surface temperature 
is greater than 40 °0 the deviation could be caused by too low 
a value for *h* in the simulation. At these higher temperatures 
it is to be expected that 'h* would increase due to surface 
evaporation, A low value of 'h' in the simulation would result 
in a higher surface temperature. This apparent explanation of 
the facts is not confirmed by the results shown in Fig. 4.13 
which gives temperature profiles for various initial temperatures 
Here there was good agreement between experimental and simulated 
results even with a surface temperature as high as 70 °C.
The results shown in Fig 4*14 confirm that the heat transfer 
section of the simulation is reasonably accurate, even though it 
contains several simplifications. These reuults compare 
experimental and simulated temperature profiles after time 
intervals of 10 and 40 minutes from the end of the heating 
period. After 10 minutes there was little difference between 
the two sets of results and even after 40 minutes the maximum 
deviation was only 5 °C, which occurred at a depth of 1 cm.
Thus, even with the simplifications in the value of ‘h* and *Kcf, 
the heat transfer section of the program provides a satisfactory 
simulation for the water/agar gel.
Results for slabs of varying thickness are given in Figs 4.15 and 
4.16 and these results also showed good agreement between 
experimental and simulated profiles. The values of Pu and PI 
used in the simulation were obtained by graphical integration 
of the averaged experimental profiles this value is an underesti 
mate of the true value since it does not include energy which is 
lost, as heat and by evaporation, from the surface. Also Ttfhere
the energy absorption at the two surfaces is not uniform there 
will be an error in this calculated value of surface power 
density, as desribed in Section 3#5.3*1*A comparison of the 
results given in Figs 4*15 and 4*16 indicates that in all 
cases the simulation under estimates-the true temperature 
value at the centre of the slab, the error varying between 1 
and 4 °C. This could be caused by interference between the 
two wave fronts where they cross at the centre of the slab*
With a lossy material such as water there is little energy 
left in the wave after a penetration depth of several centi­
metres so that this effect is not large.
The power absorbed through the two faces of the slab were not 
symmetrical% since the simulated power levels were based on 
experimental levels these were also not symmetrical. This 
asymmetry could be because of the uneven energy distribution 
in the oavity or it could be caused by distortions to the 
field by the metal shielding.
Simulations and experimental temperature profiles for solids 
containing simple foods are given in Figs 4.17 to 4*21. For 
these simulations specific heats and densities of the relevant 
aqueous soloutions were used in the simulations and for the 
calculation of the surface power density. The surface heat 
transfer co-efficient and thermal conductivity used in the 
simulation had the same values as those used for the water/agar 
gel simulations. Values of k, the absorption co-efficient, are 
calculated by modifications to values of Tr and Ks for water, as . 
described in Section 4*5.2. The simulation shown in Fig. 4.21 
was calculated from measurements on the dielectric properties 
of beef (Bengtsson and Risman, 197l) and the simulated profile 
is compared with the experimentally measured profile for beef 
(Ohlsson and Bengtsson, 197l).
Fig 4.17 shows experimental results for a gel containing 1$ 
salt compared with profiles for water, both after 60 seconds 
heating. The simulation for a 1$ salt solution terminated 
before a period of 60 seconds had expired, because the 
surface temperature reached 100 °0. For comparison purposes 
Fig. 4.17b shows simulated profiles for 1$ salt and water.
Both the simulated and experimental results for 1$ salt 
display a pronounced surface heating effect compared with 
water. This is because the conductivity increases with the 
temperature causing both K* and K" to have a positive 
temperature co-efficient whereas for water they have a 
negative temperature co-efficient. The positive co-efficient, 
in the* case of salt causes a 'runaway* heating effect at the 
surface. This effect was greater in the case of the simulation, 
hence the surface temperature rapidly rose to 100 °C» This 
could be because of the constant value of surface heat transfer 
co-efficient; at these higher temperatures it is likely that 
the co-efficient would increase because of evaporation and 
hence increase the rate of surface cooling.in the case of the 
experimental results•
Fig 4.18b shows the experimental data for a 10$ sucrose solution 
compared with the simulated profile for a mixture of 90$ water 
and 10$ non-polar solid, with none of the water bound to the 
solids these results demonstrate a reasonable fit. Similar 
results for 40$ sugar solution (shown in Fig. 4.18b) show poor 
agreement. The model used in the simulation uses a linear 
relationship between the dielectric properties and the solids 
content, whereas practical measurements for sugar solutions 
show a non-linear realtionship between K" and solids content 
(see Fig. 4.24a). This would acoount for the poor agreement 
for the higher solid content simulation. Thus at 40$ solids 
the simulation uses a value of 8 for K" whereas the true value
A better fit for the simulation could be achieved by using 
literature values of IC and IC* in the simulation, as was 
done for the beef. Unfortunately the data of Roebuck et al
(1972) is only at one temperature.
A similar comparison for starch is given in Fig. 4.25. Here 
again there is a discrepancy between the calculated value 
for non-polar solids and water with literature values for 
gelatinized and granular starch. As with the sucrose this 
discrepancy becomes more pronounced at higher solids content.
Fig. 4.19 shovjs the effect on the simulated temperature profile 
of bound water at tfo power levels. The effect of the bound 
xrater is to reduce the surface temperature, because of a 
reduction in the value of IC'caused by the irrotationally 
bound water. Fig. 4.20 shows a comparison betxfeen the 
simulations for a mixture of 10$ non-polar solids and xrater 
and experimental temperature profiles for unhydrolised and 
hydrolised starch. It wan be seen that for unhydrolised starch, 
the experimental results are similar to the simulation for 10$ 
non-polar solids with 1 gram/gram of bound water. In the case 
of the hydrolised starch neither of the simulations gives 
similar results to the experimental profile. As x^ ell as the 
difference in the profile between hydrolised and unhydrolised 
starch, there is also a significant difference in the surface 
poxrer density (8.7 xmtts/cm in the case of unhydrolised and
6,5 for the hydrolised). From these results it would seem that 
the change in structure which occurs during starch hydrolysis 
causes a change in the electrical load in the cavity, and hence 
reduces the surface pox^ rer density. Measurements on the 
dielectric properties of starch (Roebuck et al, 1972) shoxr that
i s  20, At 10$ s o lid s  the d e v ia tio n  i s  not so marked.
193*
there is only a slight difference between unhydrolised and 
hydrolised starch* Therefore the cause of this difference 
needs further investigation before a simulation for hydrolised 
starch can be achieved.
For materials, such as hydrolised starch, whose dielectric 
properties cannot be successfully predicted from those of 
water together with a knowledge of the solids content, the 
percentage of bound water etc., it is still possible to obtain 
a simulation of the temperature profile if values of K1 and 
IC" are known over a. wide temperature range. The results in 
Fig. 4*21 shows the simulated temperature profile for beef 
compared with an experimentally measured profile for beef. 
Bengtsson and Risman (l97l) give values of K* and K" for beef 
at 0, 20, 40 and 60 0. These were converted into . single
values of lc (using equation 4*5) which were then extrapolated 
to give a range of values between 0 and 100 °C. These were 
then used in the simulation, as outlined in Section 4*2.2.1. 
Despite the dangers of extrapolating outside the range of 
experimental values, and although the heat transfer character­
istics used in the simulation were those for water, there was 
a very good fit between the measured and simulated profiles.
The value of a simulation is that, once it has been validated, 
it can be used in a predictive mode, without the need for 
lengthy experimental work. The profile in Fig. 4*22 shows how 
the simulation can be used to demonstrate the effect of varying 
ambient air temperatures. The results are for a 60 second 
heating period and an air temperature of 20, 100 and 200 °C.
The simulation could also be easily modified to allow for forced 
convection and radiant heating; thus the model could he extended 
to combined heat transfer processes.
The procedure 'ScLect K* can be easily modified to simulate any 
desired microwave frequency. Fig. 4.23 shows a comparison of
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simulations in slabs of a solid, with the same dielectric 
properties as water, at 2450 and 915 MHz. The results 
obtained from the simulation indicate that at the lower 
frequency a more uniform heating effect is achieved. However 
interpretation of these results must be approached with care, 
as the simulation has only been validated experimentally at 
2450 MHz.
An overall evaluation of the results in this Section indicates 
that the simulation technique, based on the dielectric properties 
of water, is accurate in predicting the temperature profile in 
high moisture content solid foods. However for materials with 
large amounts of solids and with electrolytes, the theoretical 
knowledge is insufficiently understood to allow prediction of 
the dielectric properties from those of water. For most 
foodstuffs, which are complex mixtures, a more accurate simulated 
profile can be achieved by using measured values of the dielectric 
properties (K* and K"). The disadvantage of this is that, at 
present, there is insufficient information available on the 
dielectric properties of foods over the temperature range 0 to
10.0 °C.
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Table 4.1 Experimental and calculated values of IC" for Pork At 20° G
Composition 
Water Salt
Calculated values 
Conductivity Conductivity Kqonqc dipole 
Water Mixture BsQ B=1 B=0 B=1 
mMho/cm B=0 B=1
IC"total
B=s0 Bsl
Experimental 
value IC"
73 0 0 0 0 0 0 9.9 7.3 9.9.7.3
r
15.7
73 3.7 53.4 40.8 30.1 29.4 21.79.8 7.2 39.2 219 30.8
73 6.1 83.6 64.0 47.2 46.1 346!8.4 6.2 54-. 5 4a2 51,6
Table 4.2 Simulations effect of heating time ( t °C)
Pu 10 vratts } PL 0 ;
Initial temp. 5 °C ? Air temperature .20°C?
Density 1.000 g/ml ; Specific heat 1.000 cals/g/°C? 
Equilibration time 30 secs? Depth 10 cm.
Depth Heating time - secs,
cm 30 _  60 90— “ ■ ■ ■ ■■ - j —
Final agar temp* °C
0 38.4 56,1 68.1
1 30.2 51.3 66.9
2 18.0 36,2 52.0
3 10.5 22.9 37.0
4 7.1 13.4 23.7
5 5,7 8,4 14.0
6 5.3 6.2 8.7
7 5.1 5,4 6.3
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Pu 10 watts: PL 0 ;
Air temp. 20 °C, Density 1,000 g/ml ;
Specific heat 1,000 ; Equilebration time 30 secs; 
Depth 10 cm ; Heating time 60 secs.
Table 4.5  S im ulation: e ff e c t o f i n i t i a l  tem peratu re .
Depth
cm 5
0Initial temp. C 
20 40
Final agar temp.
0 56.1 60.3 67.7
1 51.3 59.1 70.7
2 36.2 48.6 64.2
3 22.9 39.4 58.5
4 13.4 32.1 53.8
5 8.4 27.0 50.0
6 6.2 23.8 47.1
7 5.4 22.0 45.0
Table 4.4. Simulation: effect of delay before temperature
measurement.
Initial temp 20 °0; Air temp 20 °0 ; Pu 10 watts.
Depth Equilibration time
cm 30 secs# 10 mins 40 mins.
Final agar temp.
0 60.3 43.9 32.0
1 59.1 50.1 36.4
2 48.6 47.4 38.0
3 39.4 40.6 37.0
4 32.1 33.8 34.3
5 27.0 28.5 30.1
6 23.8 25.0 27.7
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Table 4 .5  S im ulation : s lab  a t  an i n i t i a l  tem perature of 20 °C
Slab thickness 
12
- cm, 
10 8 6
Power-;P.u 12 10 7 6
densitypk 10 9 9 6
Depth - Final temperatures °C
cm
0 65.6 .60.5 52,3 49.6
1 - 59.5 50.9 48.5
2 54.2 49.4 42.9 42.4
3 - 40.9 38.1 40.1
4 36.5 35.1 37.3 42.4
5 — 5.2.7 40.7 48.6
6 28.9 35.1 47.7 50,6
7 39.0 57.0
8 33.5 46.8 59.4
9 - 56.6
10 49.0 59.1
11 -
12 61.8
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Table 4 .6 .  Sim ulations agar s l ab a t  an in i t i a l  tem perature o f 5 °0»
Slab thickness - cm
10 8
Power Pu 10
density P^ 8
Depth - cm Final temperature °C
0 56.1 46.4
1 51.4 40.4
2 36,3 27.0
3 23.1 18.1
4 14.2 16.2
5 10.5 21.8
6 11.8 33.5
7 18.3 48.0
8 29.7 54.3
9 44.1
10 50.8
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Table 4.7  .Simulations 1$ sodium ch lo rid e  a t  20 °0
Heating time 
Pu
s 30 secs.
: 8.5 watts
% 0 watts
Depth 0$ salt 1$ salt
0 41.7 71.8
1 38.3 39.6
2 31.2 25.0
3 26,3 21.3
4 23.4 20,3
5 21.7 20.1
6 20.9 20.0
7 20.4 20.0
Table 4 .8  Simu la t io n  s non -uo lar: so lid  and wate r  a t  5 ° C.
Pu -- watts
9 10 10 7 7
$ solids 10$ oH 10$ & I g /g 10$ & I g /g 40$
bound bound
water water
Depth - cm
0 52.4 55.5 51.9 43.0 44.5
1 47.6 51.1 48.8 38.5 40.1
2 33.5 36.8 36.5 26.8 28.8
3 21.3 23.9 25.0 16.3 19.2
4 12.8 14.4 15.8 10.9 12.5
5 8.2 9.0 10.4 7.5 8 .6
6 6.2 6.6 7.0 6.1 6.6
7 5.5 5.6 5.8 5.4 5.7
Il’ig.4*1 Representation of a semi-infinite solid as a 
number of incremental slabs
Fig,4.2 The relationship between Ks and temperature for water   —    —  —— -— ,
Fig.4.5 The relationship between Tr and temperature for water
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Fig.4.4 Flow diagram of temperature profile calculation without 
heat transfer corrections
«•
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Fig.4*5 Modified s lab  lo c a tio n  system fo r  th e  s im u la tion
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Fig  4 .8  A compa riso n  of experiment a. I  and sim ulated  heat t r a n s f e r
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Fig.4.9 Simplified flow diagram for the calculation of microwave 
heating in a semi-infinite solid and infinite slabs
F ig . 4
Fig.4.
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10 A comparison of values of K! for food materials vrith 
calculated values for solid/water' mixtures
K
\Je-hijr Yo
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(a) 50 seconds 
Initial temp;5°c
Fig.4»12 E ffec t of h ea tin g  tim e on th e  tem peratu re  p ro f i le
(b) 60 seconds
temp
(c) 90 seconds
temp
F ig .4»13 E ffe c t of i n i t i a l  tem perature
(a) 5°C
temp
o„
(b) 20°C
temp
(c) 40°C
temp
depth -cm
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F ig .4.14 E ffec t of d e lay  between h ea tin g  and measurement of tem perature
(a)30 seconds delay
temp
o„
(b) 10 minutes delay
temp
on
(c) 40 minutes delay
temp
d e p th  -  cm
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J?ig.4,15 Temperature p ro f i le s  in  agar s lab s  a t 20 °C.
Fig.4.16 Temperature profiles in agar slabs at 5°C.
Fig.4»17 Temperature profile for agar gel containing 1$ salt 
(a)experimental measurements? 60 seconds heating .—
depth - cm
(b)simulation: 38 seconds
temp
depth - cm
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Fig.4.18 Measured temperature profiles for agar gel containing
sugar compared with a simulation for a mixture of water 
and non-polar solid
(a)10$ sugar.and. solid
t emp 
o^ ,
0>) 4($ sugar and solid
temp
depth - c m
Fig.4.19 Simulation for v/ater containing 10$ non-polar solid 
and with bound water on the solid
temp
on
( ,
depth ** cm
Fig.4*20 Temperature profiles for agar gel containing corn starch 
(a) uncooked starch
temp
(h) cooked starch
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F ig .4.21 Experim ental and sim ulated tem perature p ro f i le s  fo r  beef
t emp. 
°C
depth ~ cm
  s iimilat i on: FU 2.5 v;att s, PL 0.3 watt s, 3 min heat ing t irne
^ experimental dataiOhlsson and Bengtsson(l971)
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F ig .4.22 Effect of air temperature on the simulated temperature profile
temp
Or,
depth - cm
r-OrInitial temperature: 5 0 
PU: 10 watts
Heating time: 60■seconds 
Equilibration time: 30 seconds
+ 20 °C
+100 ° c
+200 o c
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Fig.4*25 A comparison of the simulated heating profiles at 2450 and 915 K
———---------------------- -———-—— ■ 1   o *MHz for slabs of water at an initial temperature of 20 C j
(a) 12 cm slab  ; _
temp 
cu
depth - cm
(l>) 6 cm slab
t emp
-2450 MHz, 915 MHz
PU: 12 watts,PL: 10watts
0 2 4- (,
depth -  cm
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F ig .4»24 KM fo r  sucrose so lu tio n s  a t 25°C
water - °/o
 o— experimental values
(Roebuck et al,1972)
  calculated values
Fig.4.25 IC' for starch at 25 C
K"
•O- 
» ■»()* •
experimental values,
gelatinised starch 
granular starch
calculated values:
13 = 0 
b = le/g
SECTION 5 - DISCUSSION
5. DISCUSSION
Microwave heating is now an established techique for 
heating foodstuffs. It is the only methods, currently 
used by caterers, which utilises internal heat generation. 
(Rf frequencies and the doulian effect can also be used 
for internal heating).
During a recent survey of the catering industry, it became clear 
that there were many misconceptions about the nature and 
characteristics of microwave heating (Kirk, 197l). Some could 
be ascribed to erroneous or over simplified trade literature; 
in other cases it appeared that there ms a genuine lack of 
knowledge about the characteristics of microwave heating in a 
catering microwave oven. The aim of this research was to study 
some of the areas which were not fully understood.
One of the more common problem areas is the use of a microwave 
oven for the thawing of frozen foods but since much research 
has already been carried out in this field, it was not considered 
in the present study.
Only "liquid" foods were considered with particular attention 
directed tos the distribution of energy in th© oven cavity; . 
the rate of energy absorption by food in the cavity; and the 
temperature distribution in the food after a period of heating, 
(The reasons for concentrating on these areas have already been 
discussed in the Introduction - Section 1,)
The experimental work was carried out in a typical microwave 
oven (Philips 1*2 kW Microwave Oven Model),designed for use by 
caterers. Some of the results will only be valid for this 
particular oven eg, the energy distribution forms a unique 
pattern even for ovens of the same make and model. However 
the results for the total power absorption should be generally 
applicable for all types of resonant cavity ovens, although
cavities can be tuned to maximise the effeciency of power 
absorption into any desired load. In addition the results 
the temperature profile should hold for all types of micro- 
wave heating, including both resonant and travelling wave 
applicators.
5 .1 . DISCUSSION OF RESULTS
5*1,1, Energy distribution in the cavity
There are many methods described in the literature for 
measuring the energy distribution in a resonant microwave 
cavity? several of these methods are compared in Section
3.2.
Of the methods investigated, three demonstrated the energy 
distribution in the form of a two dimensional pattern for 
each shelf position in the oven. Using this method it is not 
possible to obtain a measure of the magnitude of the difference 
between the hotter and cooler areas. It was found that each of 
the techniques produced a different energy pattern? thus the 
energy distribution was a function of the test material in the 
oven, as well as the oven itself.
A measure of the relative difference in energy distribution in 
the cavity was obtained using arrays of beakers containing 
water placed at a number of points in the cavity. Here again, 
as with the heating pattern, a different result was obtained 
for each array pattern investigated.
The results of experiments, using an array of beakers, showed 
that there was greater variability if twenty beakers of water 
were heated at the same time, than if beakers were heated 
individually at each positl on in the array. The first method 
is often used to demonstrate the energy distribution in the 
cavity, whereas the second technique is more closely resembled 
to the normal food heating situation, with a single item of 
food in the oven at any one time. From the results of the 
expenment it can be seen that the use of an array of beakers, 
heated simultaneously in the oven is not a good indicator of 
variability of the heating effect in the cavity at different
p o s itio n s  fo r  a s in g le  item  of food.
Although each method of measuring the energy distribution 
produced different results, a few characteristics of the 
heating pattern were common to several methods, for example 
the presence of a 'hot spot* at the centre point of the lower 
shelf position.
The results which were obtained refer to a single oven#'. It 
is to be expected that every oven would produce a different 
energy pattern so that it is not possible to generalise, from 
these results, about the energy pattern in all microwave ovens. 
The value of the present results lies in the comparison of a 
large number of methods which have been described by other 
workers. It would be interesting and useful to compare 
several ovens of the same type and ovens from different 
manufacturers, using the techniques described above.
5.1.2. Power absorption
The effect of the size of the load on the power absorption by 
water, corn oil and 30$ sucrose solution was investigated; the 
results are given in Section 3*3* The relative power 
absorption by equal amounts of various simple foodstuffs was 
also measured and the results are summarised in Table 3.13. 
When calculating heating times for food in microwave ovens, it 
is usually assumed that the power supplied to the food is 
constant for all load sizes of the same material and this gives 
rise to the generally accepted rule that for a doubling of the 
weight of material to be heated, the heating time should also 
be doubled, if the food is to be heated to the same final 
temperature. It wasTfound in practice that this was only true 
for large loads of material (see fig. 3®15)« Thus in the case 
of water, for loads greater than 600 ml the power absorption 
was constant at 800 watts (33$ efficient); below this volume.
the efficiency of the oven decreases as the volume decreases. 
Similarly for corn oil volumes above <5(50 ml have a constant 
power absorption of 800 watts* At lower vdumes the corn oil 
was much less efficient at absorbing energy than was water*
It was also found that absorption was a function of the sample 
geometry. Thus for 60 ml of water a single 60 ml sample 
absorbed less energy (492 watts) than six 10ml samples heated
simultaneously (745 watts). This is obviously a very important
*factor in microwave heating and requires a more rigorous 
investigation, as it relates 1© the situation common when heating 
complete meals where separate items of different shapes and 
sizes, are heated at the same time.
The results shown in Table 3,13 are for 60g samples, each of 
the same geometry and at the same position in the oven. Although 
the results are for a restricted number of food materials they 
cover a wide range of dielectric properties from corn oil 
(tan i} 0.06) to salt solutions (tan J,for 3$ salt, 0.6). Water 
has dielectric properties intermediate between these two 
materials (tan&,0.16). For high water content food materials 
the heating effect was found to be proportional to the mass of 
water in the sample and not to the dielectric properties. This 
is particularly exemplified in the case of salt solutions, 
which have a high loss tangent but absorb less energy than 
water. Thus it can be seen that the relative heating effect of 
a food material cannot be predicted from its dielectric 
properties. This is confirmed in the case of large volumes of 
corn oil and water. With these materials the oven has a similar 
efficiency even though there are marked differences in the 
dielectric properties of the two materials. The loss tangent is 
not, by itself, a determining factor in the relative power 
absorption, as is often stated (Van Zante, 1968),
The attenuation of microwave energy by a lossy material follows 
an exponential decay in the direction of propagation of the 
wave. The absorbed energj/ is converted into heat, so that the 
temperature profile should also follow an exponential decay.
In Section 3.4 the change in temperature with depth in a semi­
infinite solid was measured.
It was found that the measured temperature profile showed great 
variability and to overcome this it was necessary to measure 
several profiles, for any set of conditions, and to average the 
temperature at each depth, to give a mean temperature profile®
When this mean profile was plotted as a graph of log A t  against 
depth a straight line was not obtained, indicating that the 
attenuation of microwave energy was not following an exponential 
decay. Inside the body the graph was in the form of a straight 
line, indicating that at a depth of about 4 cm inside the solid 
the absorption was behaving as predicted by theory. The non- 
linearity of the graph near the surface was found to be caused 
by the absorption co-efficient being a function of temperature 
together with changes in temperature due to surface and internal 
heat transfer. At the lower depths of the solid, where a 
straight line logrithmic graph was obtained, it was found that 
the slope compared well with calculated values of the absorption 
co-efficient, obtained from literature values of ICf and K" for 
water. The straight line portion of the graph was because 
changes in the value of k were negligible owing to the small 
temperature rises.
Because of the deviation from pure exponential behaviour, the 
use of half power depth figures are of limited value in 
describing changes in temperature with depth. Half power and 
^l/e ' measure<^  z’oo111 temperature, are often quoted for food
5 .1 .3  Temperature p ro f i le s
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materials, as a measure of the relative heating power at a 
depth inside the material. Similarly, values of K1, KH and 
tan^ at a single temperature do not provide afhll explanation 
of the behaviour of materials in microwave energy; the 
relationship between temperature and absorption co-efficient 
is different for all materials (see Section 2.3*5.)»
Temperature profiles were measured for semi-infinite solids of 
agar gels containing water, salt, sugar and starch and for 
water/agar slabs of various thicknesses. The results are given 
in tables 3«18 to 3*27.
To test the validity of the assumption that the non-linearity 
was due to variations in the absorption co-efficient with 
temperature, coupled with other heat transfer modes, a finite
difference computer simulation was developed for temperatures
o . " “between 0 and 100 C, as described in Section comparison
of the simulated and measured profiles is given in Section 4.7®
For the simulation it was necessary to calculate a value for k, 
the absorption oo-efficient, for any temperature between 0 and 
100 °0* One method used was to extrapolate literature values of 
K' and K" for a food and to use these figures to calculate 1c,
The second technique Was to calculate k from the relaxation time 
and static dielectric constant for water, modified to; allow for 
the presence of non-polar solids and electrolytes. The first 
method gave good agreement with measured profiles both for water 
and for beefs the difficulty with using this method is that 
values of K' and K" over a wide range of temperatures, are only 
available for a few foodstuffs. The second method worked well 
for water/agar gels, water/starch/agar gels and water/stigar/agar 
gels containing up to 10$ solids. However it gave poor agree­
ment for high solid content materials and for electrolytes.
The simulation requires a value for the surface microwave 
power density which was obtained by graphical integration of 
the experimentally measured temperature profiles. The 
surface power density was dependent" on the nature of the 
material, as was found with the tcfe.1 power absorption. The 
experimental values for agar containing various food materials 
are summarised in Table 3.18* The maximum surface density was 
found for water (lOwatts/em ) and the minimum value for 2$ 
salt (4.5 watts/cm2). Similarly the surface power density for 
slabs was a function of the thickness of the slab. For a 12cm 
slab, the values of Pu and P^ were 12 and 10 watts/cm2 whereas 
for a 6 cm slab values of 6 watts/cm2 were obtained at both
surfaces. TVvaso. e x t k a w & t f - u t s .  
w e v e  w-serf v»vpw/=. cMfca Aiv' iih n iU a tto n .
Although the measurements of total power absorption and surface 
power density are unique for the particular oven used in the 
experiments, it is likely that the simulated temperature profile 
is valid for all types of resonant cavities* It can also be 
easily modified for other frequencies (Fig, 4*23) for combined 
heat transfer processes and for travelling wave applicators.
It is often stated, particularly in the trade literature that 
one of the characteristics of microwave heating is its evenness 
of heating. In the case of slabs of material with a high 
water content the heating was only even for thin slabs. For 
a 6 cm slab the surface temperature was 8 °G higher than that 
at the centre of the slab, whereas for a 10 cm slab the
O 0difference was 26 0 for a surface temperature rise of 40 0.
Of particular interest in the case of reheating foods is the 
effect of salt on the temperature profile. For water/solid 
mixtures k decreases as the temperature rises, which tends to 
even out any overheating at the surface of a solid. In the 
case of materials with a salt content of for instance 3$' the
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situation is reversed: the electrical conductivity increases
with temperature, which has the effect of enhancing the 
surface heating effect and resulting in a ’runaway1 heating 
effect at the surface. This is of importance in the case of 
the reheating of cooked foods, many of which have a significant 
salt content.
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5a2. RECOMMENDATIONS FOR FURTHER WORK 
5»2.1„ Total power absorption
Although the results obtained for the measured total power 
absorption were only for a limited number of materials and for 
only one type of oven, it was found that there was a complex 
relationship between the chemical nature, size and shape of the 
load in the cavity. With this particular oven using small 
volumes of material it was found that, for water containing 
materials the governing factor in the power absorption was the 
amount of water in the load material. For large volumes, 
absorption was the same for oil and water. It would be useful 
to compare these results with those for other types of ovens*
It would also be of value to extend the study to a wider range 
of food materials and also to determine the effect of the sample 
geometry on the toal power absorption. No account was taken of 
the effect of heating several samples at the same time, which 
could involve samples of the same sijzje,different sizes ahd 
materials of different dielectric properties. This information 
would be useful in a study of the effect of heating meals 
consisting of several components, of varying sizes and dielectric 
properties.
The power absorption was calculated by measuring the.:. increase in 
enthalpy for a known heating time. This technique"has the dis­
advantage that it is necessary to correct for heat losses due to 
cooling and evaporation losses. One possible way of measuring 
the power absorption would be fit power meters in the waveguide of 
the oven, which could be used to measure the transmitted and 
reflected power during a heating cycle. From these two measure­
ments the power absorbed by the sample and oven could easily be 
calculated, with greater accuracy. This would probably require 
. a specially built ove&, as in a commercial oven there is 
insufficient room to make these modifications.
/
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The heat transfer section of th© simulation uses only- 
approximate methods and there are many ways in which its  
accuracy could be improved* Thus it  would be possible to 
incorporate a temperature dependant value for the thermal 
conductivity* For the simulation used in this work, the 
heat transfer modes caused only secondary effects, and the 
approximate solution was satisfactory*
One source of efror in the heat transfer simulation is in |;he 
values used for the surface heat transfer co-efficient. The 
values used in the simulation w ere  only strictly valid over 
a temperature range from 20 to 4Q°C. It is likely that at 
higher temperatures the heat transfer co-efficient would 
increase rapidly, because of increased convection currents, 
radiation and surface evaporation. Before a variable value 
of fh' can be used in the simulation, it  would be necessary 
to develop a relationship between 'h' and the surface temperature*
The simulation could be adapted to cover the cases of two 
dimensional (rods, cylinders etc.) arid three dimensional (cubes, 
bricks and speres) solids* With these more complex geometries, 
the effect of standing waves and of varying surface power 
densities could lead to poor agreement between theoretical and 
experimental results.
The program, as given in Appendix IV (6) will provide a quick 
and accurate simulation for high moisture content foods. For 
foods with high solid contents and electrolytes it  is necessary 
to know values of dielectric properties over temperatures from 
0 to 100°C5 other than the measurements of Bengtsson and 
Risman (1970), this material is not available for many foods. 
There is therefore a need for more information of this type*
5.2.2* The computer simulation...
SECTION 6 -  CONCLUSIONS
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601 ENERGY DISTRIBUTION IN THE CAVITY
Many methods have been described in the literature for the 
measurement of the energy distribution in the cavity of a 
microwave oven. Several of these methods x*ere compared, in 
order to ..ascertain the best method for discovering optimum 
experimental conditions.
In general i t  was found that each method produced a unique 
pattern of the energy distribution and that there was very 
little  similarity in the pattern obtained by different methods® 
It was concluded that i t  is not possible to talk about the 
energy distribution in the cavity per se, because the nature 
of the load in the cavity changes the nature of the energy 
coupling into the cavity and hence the distribution of energy 
in the cavitjr.
6. CONCLUSIONS
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The effect of the size of load in the cavity and its chemical 
nature on the total amount of energy absorbed by the load was 
investigated. It was found that the total power absorption was 
a function of the volume of the load? sinoe the power 
consumption of the oven is constant under all operating 
conditions, it  also follows that the oven's efficiency is 
dependant upon the size of the load. Since resonant modes 
and tuning of microwave ovens differs between makes and even 
between two ovens of the same make, the actual relationship 
between load volume and power absorption will differ? it  is 
however to be expected that for all resonant cavities, that 
the relatiohs{iip will be of the same form. This relationship 
shows an increase in efficiency as the load volume increases 
up to a maximum value, above which the volume has no effect on 
the efficiency.
The total power absorption is also dependant upon the chemical 
nature of the material forming the load. It was found that the 
normal equations used for calculating the power absorption from 
an electromagnetic field which, under conditions of constant 
frequency and field strengths, gives a directly proportional 
relationship between power absorption and loss tangent, was not ' 
valid for the resonant cavity used in these experiments*
Maximum absorption was achieved into a load consisting of water, 
except at large volumes for which the same absorption was obtained 
for corn oil.and water. From the nature of the result it  would 
appear that this oven was designed to give optimum operation into 
a water load.
6.2 TOTAL POWER ABSORPTION
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Experimental measurements were made of the temperature 
distribution in various solid materials, after a period of 
microwave heating. These materials were in the form of a 
slab of materials and profiles were obtained with microwave 
radiation normal to one and both faces of the slab. The 
solid materials were prepared by adding simple food 
components to a 1$ agar gel.
A finite difference method was developed for simulating the 
microwave heating process together with other heat transfer 
processes. The absorption co-efficient, used to calculate 
the energy absorption from the electromagnetic wave at every 
depth in the slab, xtfas calculated by one of two possible 
methods. From the relaxation time and static dielectric 
constant, the real and imaginary relative permittivity at a 
particular frequency can be calculated and these can be used 
to calculate the absorption co-efficient. Alternatively the 
relative permittivities can be measured experimentally for 
any food material. Both of these methods were used in the 
simulation. The first method gave good agreement with 
experimental results for water and for solids with up to 10$ 
solids, but not for higher solid contents and for solids 
containing electrolytes. The second technique gave good 
agreement for water and for beefs this technique is limited 
because of a lack of the necessary experimental data for many 
foods.
For investigations of processing techniques and for the 
investigation of combined heat processing methods, the first 
method discussed above is more flexible than the method, based 
on measured values of the dielectric properties. Thus it can 
be easily modified to stiit any frequency of radiation. For
6.3 TEMPERATURE PROFILE
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situations where a simulated profile of an actual food 
material is required, the second method gives more accurate 
results, i f  the dielectric properties are known or can he 
measured.
i
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APPENDIX I Food research requirments of the catering industry
(Kirk, 1971)
A . Food Production
1. Data on heat transfer characteristics of foods.
2. Definition of cooking process in terms of chemical, biochemical 
and physical changes.
3. Investigation of food handling systems.
B. Holding
4. Changes in palatability and texture during hot holding.
5. Chilling -  texture and flavour changes.
6* Freezing -  texture and flavour changes.
7. Loss of flavour of 'boil in the hag' roast meats.
8. Reasons for short shelf life  of frozen cooked liver and pork.
9. Freezing by liquid nitrogen and Freon.
10. Packaging of food during the holding stage.
11. Effect of storage conditions on the life  and quality of cooked
frozen and chilled foods.
C. Preparation and service
12. Microbiology of kitchen operations.
13. Tolerance of convenience foods to abuse and mishandling.
14. Microwave heating -  effect of wavelength on thawing 
charact eristics•
15o Effect of chemical and physical nature of food on heating 
effect of microwaves? efficiency and variability of ovens.
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D. Assessment of quality and acceptability
16. Effect of environmental factors on acceptability*
17* Consumber testing in a catering situation.
18. Acceptability of processed foods/reasons for unaccept­
ability.
19. Economics of convenience food and centralized production 
systems.
20. Comparison of nutritive value of fresh and processed foods.
21. Survey on importance of regional preferences on food 
acceptability.
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e........speed of light (metres/sec)
D i  . . . . .depth at which radiation is reduced to 37$ of its powerTET
at the surface.
E„. . . . . . .  electric field strength
E^ electric field strength at time t secs and a distance of
z cm.
Ev.•«o. . .rate of evaporation (grams/min)
f........frequency (Hertz),fr -  relaxation frequency.
FO.. . . . . .Fourrier number
G.. . . . . . .geometric factor for particles suspended in polar solvent
h.  .surface heat transfer co-efficient
H ^••••••magnetic field strength at time t and distance z.
J........mechanical equivalent of heat (joules/calorie)
k*.«••••.absorption co-efficient
K c •the rmal conductivity 
K.. . . . . . . relative permittivity
K . . . . . . . complex relative permittivity
K, ... , . . .r e a l  part of IC1- 
K". . . . . . .  imaginary part of It"
K"dipoie contribution to K" by dipole relaxation
K". . contribution to It" by ionic conductivityxonic
Ko.. . . . .  .high frequency value of IC
K s.......sta tic  (low frequency) value of K
L . . . . . . . . latent heat of evaporation
m,M.. . . . .mass
APPENDIX II List of symbols used.
P. .Power (watts)
P . . . . . . .absorbed power3,
Po* . . . . . .surface power density (watts/cm )
P . . . . . . . power density at a depth z cm.z
S ........sp e cific  heat
t .......temperature (°c)
Tr.««««,.relaxation time 
t ^ . . . .  .temperature rise at a depth p and after time p
v .. . . . . o.volume concentration (ml/ml of solution)
V*.. . . . . . volume
toT. •...«• attenuation constant 
j3  .......phase constant
Jjf propagation co-efficient
£  .......perm ittivity
Zq   permittivity of free space
. . . . . . .viscosity
X ••••«•.wavelength
yu . . . . . ..permeability
.......permeability of free space
JU( . . . . . . .  relative permeability
.density 
•••••••resistivity (ohm/m)
0—. . . . . . .  conductivity (mho/m)
'T   time (secs)
bS • *> angular frequency
bJ/o......relaxation frequency
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APPENDIX III List of symbols used in the Computer Programs
ABSK [ls5Cq].a• •.•.•» .store location for values of K from 0 to
100 °C.
0ALP0WER (c)9.  .Procedure for calculating the power absorbed
in a slab of C cm.
CA'LTEMP (d) . . . . . . ...Procedure for calculating the rise in
temperature in a slab of D cm.
COND . . . . . . . . . . . . . . . . thermal conductivity ~Kc
DEN . . . . . . . . . . . . . . . . .Density -  (g/ml)
DEPTH . . . . . . . . . . . . . . . t o t a l  slab thickness (cm.)
E l ............................ IC"
EO  .............   ICo
EQUIB «.time interval betxfeen end of heating and
temination-'of the simulation (seconds)
ER IC
EST ...eeosoo.. . . . . . . ICs
HBSA . . . . . . . . . . . . . . . .surface heat transfer co-eff. (base) surface
hotter than air
HBAS........... .surface heat transfer coeff«(hase) air hotter
than surface
H T S A  . . . . . . . . . . . . . . . .  surface heat transfer co-eff. (top) surface
hotter than air
H T A S   ...............................  surface heat transfer co-eff .  (top) air hotter
than surface
H E A T 1 M E    ............microwave heating time (seconds)
I N C T      ........ .incremental time interval (seconds)
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X'NCX . e®«....oo......incremental slab thickness (cm.)
K . . . . . . . . . . . . . . . . . . « k
OUTDATA . . . . . . . . . . . . . Procedure for printing out input data and
the temperature simulation
PU surface power density (watts/cm ) at upper
surface
2PL . . . . . oo...«..«•••.surface power density (watts/cm ) at lower
surface
RLL .ooeae.eaeooo.o.a Tr (seCS « )
SELECT K oo. . . . . . . . . .Procedure for selecting or calculating a
value of k at a given temperature
SH  . . . . . . a .specific heat
TA . . . . . . . . . . . . . . ..a.air temperature (°C)
TEMP Co 2ND . o. . • . . . . .array location for holding the temperature
at each element of the slab
W  o o o . e o e o s a e e o . o . o e .  [ j j F
WAVE .oo........o.o..wavelength
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APPENDIX IV(1)
Procedure for selecting a value of k from an array of values 
1PROCEDURE * SELECT Kj 
'BEGIN‘
REAL E,A;
E:« 0'Hv[p[x] ;
A : = 0?
REPEAT: A: «A +,2j
•IF»E<A ’THEN’ R:=* ABSK [a/p]
’ELSE1JGOTO' REPEAT ;
'END’ OE SELECT K; ' ,
Note :ABSK [l :50| is an array of 59 store locations,each containing 
a value of k at 2°C intervals.Thus ABSE.[ 1 ] is equivalent to a value' 
of k at 1°C and-ABSK[50] to a va,lue of 99°C»E is set to the value of 
the temperature at location X in the slab.The value of A is increased 
from 1,two degrees at a time,until it is greater than E.The value 
of k equivalent to this value of temperature can be found in store 
location ABSK (a/2j|,
The procedure is activated bjr the instruction 'SELECT' It; it will 
then select a value of k for the temperature at slab location X.
The meaning of symbols used above is given in Appendix III.
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APPENDIX IV (2)
Procedure for calculating k from values of Ks,Ko and Tr
•PROCEDURE 'SELECT K 
•BEGIN'
'INTEGER'S;
'REAL' EST,REL,ER,El,EO,W,WAVE;
WAVE:= 3& 10/2.49& 9; ‘
E0:= 5*5; •
W:« 3.1459 * 2 * 2.45& 9?
REL:= 16.3 * EXP( -0.033 * TEMPpC] )/ 1& 12;
ESTs- 88 - ( 0 .4 * TEMP [X] )j
ER;= EO + ((EST - EO )/( 1 + W2‘ * REL2 ));
EI:= W * REL *(EST - E0)/(1 + W2 * REL2);
Ks- 2*SQRT(ER * 6.2918)*SQRT(SQjRT(f  + (El/ER)2)~1 )/W; 
.'END' OF SELECT K;
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J :»DEITH/lHCX;
’BEGIN’
’ARRAY 'TEMP [0:j]
' F O R  ' I : ~ 0 ' S T E P  '  1  '  U N T I L  ’  J  ’ D O  ' T E M P  I :  = I N I T ;
(Sets all locations in the temperature array to initial value) 
PROCEDURE'SELECT K; (Defined as in Appendix IIl(l) or III(2).)
’PROCEDURE’CALTEMP(D);
'HEAL'D;
'BEGIN'
E2 :» (E1*EXP ( -K*D ) );
T E M P  [ x ) ; a ' T E M P [ X ]  +  ( ( E 1 ~ E 2 ) / ( 4 . 2 * S B * D E N * D ) ) ;
E1:»E2;
’END'OF CALTEMP;
'FOR 'T t«1 'STEP' 1 'UKTIL‘IlEATBiE/INCT 'DO '
'BEGIN'
E1:~P;
X  : = 0 ;
* SELECT K;
CALTFMP(INCX/2);
'FOR1 X t  —  1 ' STEP '  1  '  UNTIL ’  J  'DO ’
'BEGIN'
S E L E C T  K ;
CALTEMP(lNCX);
' E N D *
' E N D ' ;
OUTDATA; (procedure for printing out table of final temperatures) ■ 
'END'5
APPENDIX T V (3) Temperature profile for semi-infinite solid.
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APPENDIX IV(4) Program for calculating temperature profile -microwave only 
•BEGIN'
• REAL' IN IT, DEN, SH, DEPTH, INCX, HEAT IME, INCT, PU, PL ,EJS1, E2, K ,PA, CAL ,T D/E j 
'INTEGER' K,I,X,T,J,A,Y; '
READ(in data for INIT,DEN,SH,DEPTH,INCX,HEATIME,INCT,PU,PL)
J:-DEPTH/INCX;
M: =IN GT IME/'IN CT \
•BEGIN'
'ARRAY» TEMP[0;j],POWER[6 :j) j
'PROCEDURE'SELECT K ; (Defined as in Appendix IXV(l) or JIY(2)..) 
'PROCEDURE' CALTEMP(D); (Calculates temperature rise due to power 
absoption - for declaration see Appendix IV(6).)
'PROCEDURE' CALPOWER(C);(Calculates power absorption for incremental 
slab - for declaration see Appendix IV(6).)
'PROCEDURE'OUTDATA(L);(Prints out heading,table of input data and 
together with the appropriate final temperatures.)
'FOR'T :=0' STEP ’ 1 ' UNTIL 'J 'DO'
■ 'BEGIN' --
POWErCt]:- Oj 
TEMP[t] :=1NIT;
•END’ ;
•FOR'T:=0'STEP’1'UNTIL»M'DO1 
•BEGIN'
X:=0;
SELECT IC}
E1;=PU j
«FOR' Y:=0'STEP'1’UNTIL'J 'DO’ POWER Y :=0j 
CALPOWER(lNCX/2);
•FOR'X:=1'STEP*1'UNTIL»J-1'DO'
'BEGIN'
SELECT Kj 
CALPOWER (INCX )j 
'END':
X:=J j 
SELECT Kj 
CALPOWER (INCX/S);
E1:«PL;
CALPOWER (lNCX/2)}
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’FOR ’Y: = 1 'STiP'1 'iiNTIL'J-1 'DO'
’ B E G I N *
X : = X . ~ 1 ;
SELECT E;
G A  L P Q Y / E R ( I K  O X  ) ;
’ E N D  1 j
X: =0 j
S E L E C T  K j  
C A L F O W E R ( I N G X / 2 ) j  
C  A L T E A P  ( I N C X / 2  ) ;
’ F O R ’X : « 1 ' S T E F ’ 1 ' U N T I L  ' J - - ' I 'DO '  C A L T F E P ( l N C X ) j 
X :«J?
C  A L T E M P  ( I M  C X / 2  )  j  
' F E D ' ;
OUTDATA;
'END ’ j 
' E N D ’ ;
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I N C X : * = 0 „ 1  j  ^
I N C T 3 . 4 ;
J ; = D E P T H / l D C X ;
Ps=HEATB!E/lNCT;
READ in values of UTSA,RTAS,HBSA,HBAS,T A, INIT,CORD;
' B E G I N  »
'  A R R A Y 1 T E M P  1  [q  :  . f j  ,  T P M P 2  [ o :  3 ?
' F O R ' I j = 1 ' S T E P ' 1 ' U N T I L ' P ' D O  1 
' B E G I N '
X :  = 0 1
'  I F '  T ^  T E M P I  [ x ]  ’  T H E N  » H :  « H F A S  
' E L S E '  H : = B T S A ;
T E M P 2  [ X ]  s - I N C X * H * ( T A - T E K P 1  | x ]  ) / C 0 N D  +  T E M P I  j x + l ] ;
'FOR' X: = 1 » STEP' 1 ' UNTIL' J-1 'DO'
T E M P 2  [ X ]  : = ( » I P [ X - l ]  - i -  T E M P I  [ x - i  l ]  ) / 2 ;
X  : - J ;
'  I F . ' T A ^ ,  T E M P I  f x ]  ' T H E N  '  H :  - H B A S  
' E L S E ' I I : “ H B S A ;
T E M P 2 f x }  : = I N C X * H * ( T A - T E M P 1  f x J ) / C 0 N D  +  T E M P I  [ x ~ { j  ;
' F O R  ' X : ~ 0  ' S T E P  '-1  ' U N T I L *  J ' D O '  T E M P I  [ x ]  : = T E M P 2 [ x ] ;
' E N D ' ;
' F O R » X s =  0 ' S T E P ' 1 ' U N T I L ' J ' D 0 '
P R I N T  ( T E M P I  [ x ]  , 3 ,  3 ) ;
' E N D ! .
APPENDIX IV(g) Program for the calculation of heat transfer changes
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APPENDIX IV(6)
» B £ G I m r    |
1 !?. f-i A Iff
E Q ti I B t
T AI   : .
f f f f  T f DEN ( SH , DU PTH , J NGX f HEAT I ME ? I NCT , PU , PI  # fc* f Ki , 1:2 * K # PA ( C A I. r'f; 1 ME 
I INTEGER*
M {
I # X f T / A f J t Y 5 :
CYCLE; DEN: BREADf i
U  P* DEN»Q * THEM * 1 ODTO I f  I NI SH I ;
I Li I, T s » R E A D ; '
T A ? » R E A 0 * ' j
S H ; » R E A 0 ? !
DEPTH|«REA0I 
I w C X « s k E A D ?
H F. A T J M £ • b R K A D ? 
m : r  j s r e a p ?
p I j f » R f; A 0 f
pi . i bread;
FIQUIBj«READ?
J t *DEPTH/INCX;
* BEGINf
* ARRAY' TEMPI ij 0 5 J 3 , TEMP 2 C 0 r. J 3 ? POWER C 0 # .1 3 f
»PROCEDURE*SELECTKJ
* B E ts I N ’
’ INTEGER'S!
'.REAIff ■ — • •• ..................
EST#REU,ERf El ,EO,W,WAVE? 
WAVE|*3S1Q/2,4&&9j  
E O i « 5 ,3 l
W s a3 ,1 4 5S1 * 2 * 2  ? 45S9 |
RE I  i «16 , 3*EXP <«0, 0 3 3 * TEMPI [X3 > + 2 , 4?
• REU?HREl/U12f
GST * ®88«<0, 4*TEMP1E X 3 ) I 
ER|»EO+( < FBTvEO) /  (1 * Wt2*RE t,f 2 ) ) f 
El *»W*REL*<EST«E0)/<1+WT2*REl . t2> J 
K l , i  A 5 9 * E I / (WAVE*SQRT <ER>) I 
» EIID 1 0 F S E L E C T K ?
» PROCEDURE ICALPOWER ( C ) ?i
I REA iff CJ
1 B EG JN*
! EZ*sEXPU*C)  ;
• E2:«E1/E2?
: POWER[X3|aPQWEMCX3*E1«E2; ; .
I E1s*E2j
i 'END* of calpuvjer; ‘ „
I
/PROCEDUREICAlTfEMP(D)
? REALM)?
I BEGIN? - . . . .
TEMPI C X 38 aTEMPI[ X3*PQWER[ X] * JNCT/( 4 , 2 *S«#DEN*P) | 
f I F1T m P U  X3 ! G E*10 0 ?T MEN!
'BEGIN? •
NEWLINE (1.? ;
WR1TETEXTC * < 1 T £ M P L: R A T U R E % E X C E £ D f* () X1 0 0 % P E G % f;, 1 ) 0 ;  
PAPERTHRGWJ
• got o?c y c l e ;
'END?? ..........................................
* E N D ? ‘ 0 f; CALTEMp j 
! PROCEDURE* OUT DAT AC I ) }
'REAL? L?
'DECUN?
PAPERTHR0W f
WRITE TEXT ( » C ? TE MP E P AT U RE%!) I 5 T (U BUT! 0N% F 0R% ? ) ? ) ?
?I F ' PL«0I THEN 1
WRlTETEXTC ? < »SEMI - INF I IU  TE%SOLi D? ( ?1 C ?)??>? )
'ELSE??BEGIN!
PRINT(DEPTHf2r£)  ?
WRITETEXTC» C ? CM%INPINITEKSLAB' ( , H ' I ) I ? ) , > J 
? E N P t ;
WRITETEXTC' C t &a tyt trrj. tn t -1 v n  tr* «r> ksjt tr» m  uu w» ft?  *3 ««* *** *¥l O  *.3 tr} p  i u  r y  ^  q s  rw  c a  tw  c* « a  {+3 cv g* tr* 9* >3* rw  P* w  a a  n  W
NEWLINE( 2 ) ;
WRITETEXTC * (? POWERZUPPERhWATTSJC* ) 13 f 
PRJNTCPUf3 , 2 ) ?
NEW LINE CD?
WRITETEXTC * C ?POWERXLQWER«WATTS%' ? ' ) ?  !
PR.INTCPi. i3i2>? j
NEWII NE C 3> J
WRITETEXTC ? C O N IT i A UTEMPX*1 > ? ) ; !
P R I N T C | N I T f 3 f Z ) ? |
WR I TUTEXT (•? C ’ A I R%TEMp % D E G XC%» 1 ) O r :•
PRINTCTAr3 , 2 ) ?
WRITE TEXT C * C ? DEC%Cf C ? U  ? > * DENSITY*** > ? > I I
PRJNT<DENi2r4>I  I
WRITETEXTC!< ?GMS%PER%CC' ( 11 C' > ? SPEC IFIC%HEATX«?> ? ? I 
PRINTCSH,2 , 4 ) i !
WRITETEXTC! ( * DEPTH%INCREMENTX& * ) ? ) }
PRlNTCINCXf2f4 ) ;  ;
WRITE TEXT C * C ? CMS ? C ' U  » ) *T-IME%INCREMENT%*?i ) » ) J !
PRINTC1NCT,2,A)  I 
NEWLINE(2)?  ■ i
WRITETEXTC 1 C » EON 111 DRAT IONJST XME%« 1 ) ? ) ? 
pf t lNTCEQUIBf3 , 2 > 9
WRITETEXTC ?(? SECS? (»1 CO ? T 0 T A L X H E A T I N 6 JC “ ? 5? ) ? 
PRINTCHEATIMEi3»0)?
WRITETEXTC »C*SECS*( , 3C»>»TEMPERATUREISTRX RUT I0N%AFTERSfi 
TIMEj »T'-1!
TIM£**TIME* INCTI  
PRINTCTIHEf3 f0 j  ?
WRITETEXTC?C'SECS?>?)j
NEWUNEU)  f
WR XTETEXT ( M  s DEPTHwCMS ! > * > ;
' FOR' J s «U • STEP » J.1 UNTI L f DEPTH 1 DO *
•BEGIN!
SPACECI)?
PR I N T ( X r 3 f 2) f 
•END* f 
N E VIL I N E (1)  t 
WRITETEXT ( ? < » TEMP-*DEG%C • ) ’ ) J
»FOR• I 5 « 0 »STEPf L / 1NCX »UNTI ID J 5 DO?
•BEGIN*
SPACECI) ?
PRINTCTEMPUn | 3?2 )  f
• E N p • ;
* £ N p * 0 F OUTDATA?
» PROCEDURE ITR-ANSFER?
! BEGIN*
•REAUGONPpHTSAfHYASfHBSAfMBASfHJ
• i n t e g e r 'L;
CON D ? S') ,
HTSAi»7ft*-4;
HTASi»2t 7&H4f 
HBAS! B1 ft « 3 f 
H B S A ; « 5 , 3 ft k- 4 f
X ; « 0 ?
• iF»TA!GE« TEMPI U ]  'THEN?
H:«HTAS
!EI.SE«H:«HTSAf
TEMP2EX7 i sINCX*H*(TAwTEf*P1 EX 3) /CONP+TEMPI CX + 1 3 
!FOR!X|o1 ISTEPM ! U N T i U J " 1  * !)(.)5 
! BEGIN*
T E H P 2 L X 3 i «  (TEMPI U » ri 3 * TEMPI Cx + 1 .1 > / 2 f  
? E N 0 ’ f 
X * ** »J ;
* I P ? T A * G E 1 T E M P '1 E X 3 'THEN?
H | b H B A S
• * E U E *
H s « H B S A ?
TEMP21X.1 ! B I NCX#H* (TAp-TEMPI |:X3) / CONp*TEMPI r.X«1 3 
! FUR » X : a0 » §TEP ! 1 • UNT I {. * J 1 DO •
TEMPI 1X3 ! «T‘EMP2CX3 !
'END'OF TRANSFER;
1 • FOR! T ! = 0 1 STEP* 1 * UNTIL• J * D0 1
? BEGIN!
POWER IT 3* a 0 ?
TEMP'} IT 3 * * IW t T |
! E N D * /
; A »»ENTIER(HEATIME/INCT>;
j • FOR»T ! » 1 ?STCP*! 1UNTIL1 A * DO *
! * B EGIN'
X i K o f
SEtECTKf
£ l l « P U f
! R 0 R * Y S » 0 » S T £ P f 1 ! UN T I 1 1 il ? DO *
POWER I Y 3 8«0|
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C A L P UUJ E R (I N C X / 2) i 
! FOR'Xj  « 1 » STEP*1 »UNTI Iff J » 1 * DO*
'BEGIN!
SELECTKj 
CALPOWER(INCX)J 
'END*I  
X 3 «vl I 
SELECTK;
calpower<incx/2>)
E 'I ;» P l ,;
CaCpOWERCIHCX/2)i
* FOR 1 Y/=Tr S‘t £*n   ^Y’ofrTffL; f'JV? r+Cff ' ’ ’
I (J I GUM ■ ,
S11, E C T K ?
CAl,POUER( INCX) ;
? ENO*i 
x ; S 0;
. S £ L, Er.TKj 
CALPOUh‘ R( INCX/23 I 
C A L T K M P ( I N C X /  2) r 
! F OR * X ! «1 ' STE P 11 * UN: T U  1 J w 5 f)0 ’
CALTKf1P< i nc x ;  f 
x j t o ;
CALTEMPC JNCX/2) !
T PANS r: £ R f 
f E N D 1 ♦
M|BENTlEfU»DEPTH/'10) f 
i Ms«A»S<H)l
A|b ENTIER(E0UIB/X wCT)?
* FOR1Y j a j 1 STEP * 1 1UNTIL! A 1 DO'
t r a n s f e r ;
OUT pat A ( H ) ;
! END!?
• i » GOTO' CYCLE;
pi  NISMs PAPERTH ROW;
! F: N D' ;
! END 1 I
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